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Kevin Rowsey, Senior ?ﬁmﬁ Specialist

LIS, Environments! Pr ] Y
Bource Water & LI Section, Region 11
1650 Arch Birest

Phitadelphis, PA 2%5%3

EMAIL: Mo

RE: Government-to-Government ConsultationCoordination and Comments on Proposed UIC Permit
cete 5 wone Development, LLO; PARIRA0BMOY

Diear My, Rovwaey:

The Seneca Nation Is in receipt of Acting Regional Administrator Diens Esher’s letter dated May 7, 2021,
which offers the Nation the opporiunily to comment on the dralt permit PARIRSIIBMUK for s Class T
R enbanced recovery injection well and to consult and coordinate with Region 11 on this mutter. Please
takie notice that the Sencen Nation declines the consultation offer at this thme. However, the Seneca
HNation Is submitting written comments regarding proposed permit PASIRABMCK (plesse see
atiached conmentsh.

Thank you for sharing information with the Seneca Mation regarding proposed permit PASIRAZOBMCK
and we look forward to your careful consideration of our comments.

Binomely,

AAY, Qf@

Matthew' B, Pagels
Seness MNation President

Enclosures

Blsctropic oot Brisn Hamilion, U, EPA Region [T
Crramt Formthan, ULE EPA Replon I

- Rickey L. Armstrong S,
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Seneca MNation Comuments for the Proposed Underground Injection Well
AP Mumber 37-083-53736
Sandstone Development, LLC
Bradford Township, McKean County, Pennsylvania

Operator: Sandstone Development LLC, 5587 Interstate Parkway, Bradiord, PA 16701

Well nmme: Moody Lot 5 #17

Location: Bradford, MoKean County, 41 54 34,3800, - 78 35 15,7000, East Branch of Tunungwant
Creck watershed, in the headwaters of Kendall Creek and Minard Run

Conventional well permit #; APLE 37-083-33736

Original perrat issue dater 8/13/2008

Well dritling complete: 8/8/200%

Producing Dates: /172009 - 12/1/2020

Well status: active

UIC permit #: PASZRAZ0OBMCK

V. The permit should not be granted. Sandstone Development LLC submitied a US EPA permit
on 31572021 to convert a conventional well to 2 Class IR {enhanced recovery) Underground
Imjection Control (LY well, Federsl UIC Class B statidory mendates fadl to address the
hazards associated with the oil and gas Industry operation while also lacking oversight with
self-reporting. There is no messurable assurance water resources arg protected.

=

Cumulative impacts of oil and gas velated activities in the Upper Allegheny basin have an effect
on the Allegheny River and Seneca MNation territory, vet the capacity of the Upper Allegheny
watershed to handle existing and proposed off and gas development has never been assessed.

The permit doss not address or even mention long-term cumulative impacts.  This 18 of
particular concern since the EPA has already permitted 39 Clags U ICU wells in the Allegheny
River Basin, move than in any other basin in the state, plos there are many unconventional wells
and munbers are increasing (the last 9 drilling permits granted by PA were in Elk County)

Lo
N

4, UIC well construction in P4 is precedent setting. From 8 114721 Pittsburgh Post-CGazette
article: “There are approximately 180,000 Class 11 wells in the ULE,, 20%, or 36,000 used for
disposal of oil and gas drilling and fracking wastewater, The EPA estimstes thal more than 2
billion gallons of those Hulds are injected into such wells in the U8, each day, mostly in Texas,
California, Oklehoma, and Kanses.” The article also mentioned that there were only 13
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injection wells in PA, 8 of which are operating. However, there are 42 permitted [UC Class 2R
wells listed on the EPA’s web site. Of these, 39 are located in the Allegheny River Basin, 2 in
the Susquehanna River Basin but still very close to the headwaters of the Allegheny River, one
in a tributary of the Ohio River. Some may be inactive, but the fact that they are almost all
focated in the Allegheny watershed is a concern since groundwater plays a big part in the hgh
quality of the Allegheny River.

The proposed UIC well could affect the headwaters of 2 unnamed headwater tributaries of the
Bast Branch of Tunungwant Creek and waterways downstream (Kendall Creek, Minard Run,
Tunungwant Creek, and the Allegheny River). Failures and even normal operations could
increase the risk of toxic chemical and radicactive contamination of surface and groundwater.
While groundwater contamination is the primary concern, there are also related risks to surface
water (explosions, spills related to fransport and storage, ¢tc.). Even one spill or failure could
have severe consequences. There is no way to clean up contaminated groundwater other than
natural attenuation and attenuation of radicisotope contamination would fake more than 1000
VEATS,

Rromide increases toxicity that is defrimental to aguatic life, particularly mussels. The
Allegheny River is home to three federally listed endangered mussels. Beneca Nation
waterways are home to the Clubshell, Riffleshell and Raved Bean mussels. Therefor as part of
this permit, it is necessary to include Bromide in moniforing,

Injection pressure increases seismicity. The permit application includes a general PADCNR
report on seismicity but ne site-specific discussion. Injection well pressure caused earthquakes
in fo Youngstown, OH, even though, similar to Potter County; the level of earthquake hazard
ig low therg,

Information included in the permit application is very Hmited. The maps show more than 100
conventional wells in Sandstone’s Moody but there is no discussion regarding numbers in the
Andrus McDowell field or well types {conventional or unconventional). A short contingency
plan was provided but seems insufficient given the amount of wastewater that will be injected
{Avg 40 barrels /day, Max 100 barrels / day} and also stored on site {300 barrels or 12,500
gallons of wastewater plus biocides and other injection additives).

Reguire an assessment of well integrity on the swrrounding wells; well #17 was only well that
had injectivity test conducted. Structural deficlencies in any nearby well will increase risks.
Regulations address UIC construction, operation, monitoring & testing, reporting and closure
requirements. However, no discussion regarding Sandstone’s compliance record is available.

Site geology discussion is missing from the permit application; only item provided is the 2009
driller’s logs for the wells located in Y-mile radins of well #17. An assessment of the geology
is vital to prevent contarination of drinking water sources.

Very limited information was included in the permit application regarding the quality of the
wastewater that will he accepted other than g lab report for one sample of onknown origin which
may or may not be representative of wastewater that will be accepted, and only 2 few
wastewater related parameters were analyzed.
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12. The permit only reguires that the wastewater be samples initially then once every 2 vears for a
few pertinent paramsters but not all major wastewater contaminants of concern. Monitoring
should be reguired monthly for the firet vear of operation.

13. The permat doss not regquire analyses for many contaminants of concorn: radionuclides, heavy
metals (AL As, Be, Cd, Co, Oy, Ph, Li, Mo, Zn, Strontium, thallium, selenium, eic.), diesel fusl
and other pelroleum hydrocarbons, nutrients {TF, NH3, NOI/NOZ), or VOU's (BTEX) and
other crganic compounds,  Therelore, even i Sandstone complies with the permit, it is
impossible to characterize wastewster,

14, Additional pollutants of concern gre Calelum, Phosphates, Nitrales, Potassium, Sulfates,
Bromide and Swonthum, Minimslly, more analyvies should be added to the monitoring
requirements (Le. 2,4,6-Trichlorophenol, 2-Butanone, scetone, acefophenone, benzens, ethyl
benzene, glyeol, methyl aloohol, o-Cresol, p-Cresol, phenolics, pyridine, surfactants, pH,
turbidity, and conductivity) with increased frequency of testing for contaminants of concem
{i.e. Cadminm, Chromium, Copper, and Radium).

15, Failures and even normal operations incroase the risk of toxic chemdeal and radioactive
contamination of surface and groundwater. While groundwater contarnination is the primary
comcern, there are alse related risks to surface water {explosions, spills related to transport and
storage, ele.).

16, Enhanced oil recovery wells extract additional oil and nstural gas resources that primary
recovery was unable to produce. This is needless. Additionally, injection of Hluids or gases into
the reservolr moves or "pushes” the oil or natural gas to surrounding producing wells, making
the resource available for production so it is necessary to determine the possible influence of
the surrounding wells on the proposed injection well {pressures, failures, and groundwater
contamination, efc.).

17, The US BPA should require identification of all affected special status species due to habitat
loss and fragmentation cavsed by disruption from nodse and traffic at the proposed injection
well site. Likewise, the US EPA should require Sandstone to comply with the US EPA and
USFWE guidelines for mitigating or reducing tmpacts on special stetus species. All plans
should seek o reduce the risk of hebitat loss and species. Special buffers or protections
necessary for historic or coltural resources should be determined based on individosl site
conditions, The current application lacks sufficient information 1o make these determinations
with respect to special status species,

18, Increased inspection freguency minimizes mpact due to well integrity failures. Operators are
required to do so-called "mechanical integrity” teuts at regular intervals, at least once every five
years for Class 1 wells, This interval is too long. Although, repair of most well failures ocours
within siz months of discovery, as US EPA data shows, with as much as five vears passing
between integrity tests, irreversible contamination may happen. Of 6,466 well drilled in
Pennsylvania, USA between 2008 o 2013 3.4% had well integrity and barrier issues with
0.24% causing leak to surface {(Vidic ot al,, 2013}
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Bia 1 Governor ssked to Indervens on Plam wasiewseter iMeclon well | Plitsburgh Post-Bazsite

DON HOPEY §2
Pittsburgh Post-Gazetle
dhopey@post-gazetie.com W

JAN 14, 2021 10:47 AM

Community and environmental organizations have asked Gov. Tom Wolf 1o
revoke a state issued permit for a shale gas fracking waste disposal well in
Plum, saying the well could endanger public drinking water suppliss in
Pittsburgh and nearby communities,

Protect PT, the Breathe Collaborative, and Citizens for Plum say in the
letter to the governor that allowing the Penneco Sedat #34 class 2 waste
injection well to operate will significantly increase the risk of toxic chemical
and radicactive contamination of surface and groundwater, cause mine
subsidence and increase chances of earthguakes,

The letter, dated Wednesday, Jan. 13, and co-signed by 45 additional
organizations and individuals, calls on the governor to nullify the state
permit 1o protect the Allegheny River as a source of drinking water for the
city of Pittsburgh and other communities.

hitpsfevew posb-gareiie cominews/environmentf 202 11 4 Bpemorasied-io-inlsrveng-on-coninversisbeasiewsiarinjecion-wallistoriesf 2021041,
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BEIHZ02Y Governor asked B inferveng on Plum wastewsler injpotion well | Piisburgh Post-Gazelle
“With this urgent action,” the letter states, “vou will protect our families,
our communities and mest importantly our water from the troubling,
secretive, radioactive and toxic waste of the gas industry.”

“It’s short-sighted to issue a permit and allow this well to operate given Hs
long-term potential impact on city of Pitlsburgh drinking water,” Gillian
Graber, execntive divector of Protect PT, said in a virtual news conference
Thursday.

Dielmont-based Penneco Environmental Solutions received a permit from
the state Department of Environmental Protection in April 2020 that
allows it to convert the former ofl and gas well into a 1,900-foot deep
wastewater disposal well that can aceept more than 2.27 milion gallons of
briny, chemically contaminated fracking wastewater a month. The facility,
which would be the first deep disposal well in Allegheny County, received a
federal Bnvironmental Protection Agency permit in March 2018,

Opponents of the well, many of whor testified in opposition to the facility
at public hearings, say in the letter to the governor that revoeation of the
state permit is warranted because of recently discovered structural
deficiencies in the well, the potential for mine subsidence and earthquakes,
and the disposal of radicactive wastewater that can cause cancer.

Anthony Ingraffea, a professor of engineering at Cornell University, said
Penneco and the DEP used old and inferior testing methods to determine if
the well, which was drilled in 1080 into the Murrysville sandstone
formation but never put into production, is structurally sound.

“The injfection would occur only about 1,000 ft. below the groundwater
aquifer, which means there is a high probability of upward migration of
fracking waste through defects in the well’s 30-year old casing,” Mr.
Ingraffea stated in the release. “And that presents a serious visk to well and
surface water.”

He said at the news conference that the high, repeated pressures used to
force the wastewater down the well makes the well “inadeqguate 1o Hs new
purpose,”

The news release also states that Plum Borough is extensively undermined
and the well was originally drilled through the Renton Coal Mine, a portion
of which has been on fire since 1959, causing unknowsn structural
degradation.

ntps fererw posh-gazein.cominawsianironment 20210114 G ovemor-ashad-do-ntervens-on-confroversisbeasiesateriniectinnawsl/slorss/202 100
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83142021 Governor asked o intervens on Plum waslewsaler injection well | Pittsburgh Post-Gazetlts
Ben Wallace, Penneco chief operating officer, said all of the issues raised in
the letter have been raised in state and federal public hearings on the
permits and settled to the satisfaction of the regulatory agencies.

“The regulatory agencies have investigated fully in terms of protecting the
public and the risk is not there,” said Mr. Wallace, who disputed
characterizations that there are inadequacies or deficiencies in the
company's permits or operations.

Marc Jacobs, Penneco senior vice president, said the company plans to
begin accepting waste at the Plum facility in March. He said the company
will closely monitor radioactivity levels at the well, and noted that a deep
injection well it operates in West Virginia produces “extremely low”
radiocactivity readings.

In response to questions the governor's office will review the letter, but it
said the governor does not have the authority to revoke or suspend permits.
1t said also that ensuring that permitied projects meet all statutory and
regulatory requirements is the responsibility of DEP and the department
will review the details of the Plum well.

The DEP issued a statement saying many of the concerns raised by
opponents Thursday were addressed in the comment and response
document issued by the department in conjunction with its decision on the
permit.

That decision document states, “Penneco’s proposed operation is sufficient
o protect surface water and water supplies, and it is improbable that
disposal into the proposed Sedat #3A well would be prejudicial to the
public interest. In consideration of the proposed well’s mechanical
protections and the injection zone’s distance and geologic separation from
public natural resources, the Departiment believes public natural resources
will be conserved and maintained.”

Matt Kelso, a Plum resident and manager of data and technology at
Fractracker Alliance, an environmental nonprofit that tracks and maps
shale gas development, said wastewater iniection wells can put pressure on
geologic fault lines, producing earthquakes.

“The company says that won’t happen because this is shallower well, far
away from basement rock, but there’s evidence these types of wells have
also caused seismic activity in sedimentary rock layers,” Mr. Kelso said.

httpsdferany post-gazetie comnewslenvirorenentf 22 V01 WG overmor-asied- - intsrveng-on-cutmyversial-wastowaler-njection-welistores/ 2021041 .
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B0 Crevarner sked to inlervens on Plum wastewaler injection well | Pittsburgh Post-Gazelle
The Penneco deep injection well, classified by the BPA as a Class 1 well, is
one of 13 permitied for disposal of oil and gas drilling and fracking
wastewater in the state, according to the DEP. Eight are currently
operating.

There are approximately 180,000 Class I wells in the U5, 20%, or 36,000
used for disposal of oil and gas drilling and fracking wastewater. The EPA
estimates that more than 2 billion gallons of those fluids are injected into
such wells in the U8, each day, mostly in Texas, California, Oklahoma, and
Kansas.

The letter to the governor requests “an inunediate and comprehensive
investigation” of fracking waste, including impacts of naturally oceurring
radicactive materials and brine brought 1o the surface during deep drilling
needed to determine if there is a Hnk between the radioactive waste from
shale gas drilling and fracking operations and liver, breast and bone cancer.

“Srudies {like the one currently underway at University of Pittsburgh) are
needed to examine the potential link between the radium in fracking waste
and the spike of rare childhood cancers, including Ewing sarcoma, in
Pennsylvania’s Marcellus Shale,” the groups wrote in the governor’s letter.

"Fracking has a toxic and radioactive waste problem that has never been
adequately addressed and solved,” said Dr. Ned Ketyer, a consultant with
the Southwestern Pennsylvania Environmental Health Project. "Injecting
this waste into an unstable well in close proximity to our region’s drinking
water source is a shortsighted and irresponsible plan, and will make people
sick. It should be abandoned immediately.”

Don Hopey: dhopey@post-gazefie.com or 412-263-108%

First Published January 14, 2021, 10:47am

rips:Hwww post-gazetie.oomdnowsienvirmnment 202 U0 14 Govemor-asked-o-intsrveng-on-controversiabwastewster-injeclion-wallfstones/2021011.
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B, B, ¥idic,™ 5, L Brantley,? 1 8. Vandenbossehe* B, Youtheimer® 1. . Abad?

Backgrownd: Natursl gas has recently emerged 83 3 relatively dlean energy souses that offers the
spportunity for & number of reglons around the world fo reduce their rellance on enwgy Imports,
B van also serve 8% 2 ransition fusl that will allow for the shift from cosl t9 renewable energy
resources whites helping to reduce the emissions of (0, ariteris pollutants, and merny by the power
sector, Horlzontal drilling and hydeasdic frachuring make the estraction of dobtly bound netursl gas
from shale formations economivally feastbls, Thess technslogiex are not free from environmental
risks, howsver, especially those related 1o reglonal water quality, such a3 gas migration, contaminant
transport tough induced and natural Tracturss, wastewater discharge, aral accidental spiils, The
focus of this Review 15 on the curent understanding of these environmerntal lssuses.

Awancey The most comemnaon problen with well ronstrortion 15 2 Taulty seal that Is emplaced to pra-
vewt oo migration info shallow groundwater, The incldence rate of seal problems In unconventional
gas wells I relatively low {1 1o 3%, but thers & a substantial controversy whethey the methans
deterted i private groundwater wells in the area where drilling for unconventional gas i ongolng
was caused by well drilling o natural processes. 1 i dHflcult to vesolye this fssue bacause many
areas hove long had sources of methane unrelsted to hydraulic fracturing, and pra-drilling baseline
date ave ofen unavailable

Water management for unconventional shale gas extrastion is one of the kay Bsuss that will
domvinate environmendal debale surrounding the gas industry. Reuse of produced water for hydraulic
fracturing i currentdy addressing the concerns regarding the vast guantities of contamdnant that
are brought to the surface. As these well Felds mature and the opportunities for wastewaler rsuse
stirninish, the need to find slternative mansgement strategies for this wastewater will Bhely Intensify.

Sutlock: mproved understanding of the {nte and tramspott of contaminants of toncemn and
increased bong-term monitoring and date dissemination will help effectively manage water-quality
risks sssociated with unconventionsl gas industry teday and in the future. Confidentiality raquire-
memts Gictated by legal investigations combined with the expedited rete of devslopraent and the
Hited funding for research are major impediments (o peer-feviewsd research into sovironmental
impacts. How b the thme o work on these environmental fssues o avsld an adverse environmaental
legacy shatlar  that from shandonad coal mine dscharges In Pannsylvanis,

Drithing mubtiple horfzonial walls fosm 2 single wall pad allows aroews o 3 much a5 § sunars mile of
shale that i located mers than & mile below. Dmage courkisy of Rengs Resources Appalathial

Department of Civil and Environmental Engineering, University of Pitisburgh, Pitishurgh, PA 15261, USA. *Earth and Emvi-
ronmental Systems Institute and Department of Gensciences, Pennsylvania Sate University, University Park, PA 16802, USA.
*Corresponding author B-mall vidicgpithedy

Pubiished by ARAS
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Fingdings of the 115, Environmental Protertion Agenty
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ingloal Survey about shiale gas including articles
and videosh v has.acaudkishalsgss
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R, 0. Vidic ™ 5. L Brantley,? 1 M. Vandenbessche,® D. Yoxthelmer,” 1 0. Abad®

Uncanventionsl natisat gas resowmves offer an opportunily fo sces 8 relatively dean Tossil fuel that
coulrl petentially lad 1 energy Independence Tor sume countries. Horfrontsl deilling and Bydraulic
fracturing make the sdracion of Habily bound nauwal gas from shale formations economically
feasibds, These technologies are not fron from envinonmentat risks, howeesr, especially those related
resfional water quality, such 25 gas migration, confaminant ransport trough Feduced and natural
fraciures, wastenater dicharge, and aocidensl spills. We review the cument understanding of
ervirommnental issues sssociated with unconventional gas extraction. lnproved understanding of the
fate and ramsport of contaminants of concern and Invsased longerm monltoring and deta
dhssermination will help manage thess water-quality visks toaday and In the hube.

atural ges hay recently smerged 88 a6 on-
ergy soures thet offors te opporhunity
for n pumber of regions around the world
5 ;cé‘uﬁx thelr relance on onergy mporis of
sirive joward energy independence {7, 73 Tmay
glso be a potential ransiton fed thar will allow
for the sill from onsl 1o revewabls enoigy 1o
sowrees while helping @ roduce the emissions of
O, oriteria pollutants, and meroury by the pow
ey sector £4). The deiving foree behind this shift
i that i has beoowe soonpmically frasihie to
extach uneonwentional sources of gas that were
gzrm;maha considersd fnaoessible, Convention-
al gas in typleally extmoted fom porous sand-
stone and cwrbonate formmttons, where 1 has
peneratly besn fmpped under lmponneable cap-
rorks after rolgration from Beorigingl smuron rock,
It confrast, savonventiongl gas s usaally recov-
ered from low-permeability vozorvolrs o the
sonrcs rocks themsebess, including ooal scams,
tight sand frmetions, and Boe-gratned, organdc-
rich shales. Uncorventions! pas formations am
characiorized by low pormeabilities that Hmit the
recovery of the gas and moogquire addidonal tech-
nigues to ackiove sconovnioal fow rates (I
The archetypical exsmple of rapldly noreas-
ing shele ges development is te Marceliug Shale
i the sasters Unied Sates (Fig. 1) Intensive gas
srivaction began there in 2003, and 8 &5 one of
the top five unconventionsl gas resorvoks in the
United States, With o roglonal extent of 93,000
sepeare ydles, the MarooBus ix one of the world’s
fargest kuown shale-gas depostis. It extends from
upstabe Now York, as for south 88 Virgiods, and
as far west as Ohio, underbying 70% of the state
of Pennsylvanis and wueh of West Virginia, The
formation consists of black snd durk gray shales,
siltstones, snd lmestones {43 On the basiz of &
geologiond study of nataral Bachwes in the for-

w;mwm of Cioll and Eovirenreertsl Engineering, Uni-
of Pittshurgh, Pisteagh, FS 15261, USA, “arti and
Eovironmantal Systems Irstiute and Beg et of Geosdd-
enves, Pennsylvanie State University, University Park, PR
16802, URA

*Corrpsponding author. Bmail vidingpitteduy

wawwsnisncemag.ong  SCIENCE

mation, Engelder (5 eotimated 8 50% peobability
that the Marcellug will wlitmeely viekd 485 wib
Hom cutbde foed of natral gas.

Coneerns that bave been voleed {9} in pone
nection with hvdemntic fmctoriog and the devel
opment of unconventional gas wsowoss I the
United States inclode land and habitat frug-
meniation a5 well ar opaets 1 alr guelity, water
{.mmmv arnd peality, and socioconnomic Issues
1, Althoogh shele gae development i3 In-
reasing soross several rogions of the United
States and the world Guch ey the United Kingdom,
Poland, Uloving, Austalis, snd Brewdl), dis review
fouses on the potential Issuey surounding water
cuality 1 the Agpebachian reglon and specitically
e Marcellus Shale, where the roajoddty of pub-
Hshed stadise have been conducted. Our Review
toraess on chomical sspeety of water quality
rather than issues surounding enbanved sediment
rgpuls Ind waterways, which bave boon disonssed
eleewhers

Cause of the Shale Gas Development Surge

Reosnt technological developments o hovlaontal
dritling and hydraudie facturing have onabled
enhanced recovery of unconventional gre in the
Vintied States, incasing the contribotion of shele
was by totad pas production Fon negligible levels
i 19 o 309 in 2011 {5 Although the Bt
frue horizontsl off well was drillod in 192 29, this
wechigue only bovame 8 stondand Indoshry peae-
toe in the 19808 {99 Whemas g vertical well ab-
byws gooess 1o fens or bundreds of motors across
g Hat-bving formation, 8 horizontal well can be
deitherd to conform to the frmatinn aod van there-

fiye eximact gas Horn thousands of metors of shale,
Horlzoutal wolls raduce surfhes disturbance by
Toniting the numbey of deiling pads and by en-
abling gas extroction from sreps whers vorticsl
welle are not feasible. However, hortronial deilb

g alone would not have enabled sxplofation of

o becase the ros-
srvoir permeability iz not sufficiont o achieve
socmonsivad g prochaction by netersl Sow, Hydoay-
tie fracturing—hydeofincking,” or “Bockiog™—

the unconventional g5 resme

ol 340

17 RAAY 23

was developed in the 1540 to factre and -
ceesss permeability of biget formations and hes
since boen drproved to e the characteristios
of specific types of resarvols, innhuling dhales.

Hysdenuble fractrdng fhids comsist of water
that is mized with proppants aod chemdeals be-
fue injection o the well undsr high pressure
CAB0 1 B30 han) o order o open the existing
fractures o inftiate now frachues, The proppad
{eomanonty s} mpresents gonolly ~3% of
the total weight of the fracturing Huid (/8 and
is required o keep the fractires open ones the
pummping hes stopped The muvber, type, sed oon-
centration of chemicsls added are govemed by
the genlopionl chavacteristivs of each st and the
chemival chamecteristios of e walsr weed, The
factnsing fusd tploally wsed in the Marcellug
Hhale & called slichwater, which means that i
does not contain viscosity modifiors thetare often
sedded W hydroftacture ofher shales so a3 o &-
vilitate better proppant trassport and placsment.

Chomical additives in the Haids used for by-
dragtic fmoturing b the Marcelius Shale include
friction mducers, seale inhibiiors, and blocides
{Table 1 and Box 1) Fight UK. states urrontly
reguire that all cherdonls that are not considared
proprictary st be published online (77}, where-
&% msly vompunies are volnnianly disclosing this
mformation In other stafes. However, many of the
chemicals added S Bactudng are not curently
regulated by the 1LE. Bafe Drinking Water Aet,
paistng pahlic concerns about watsr supply cone
taepination, From 2005 fo 2009, sbowt 7530 chem-
icals and nther QOTPONEHES W wsid in hydranlic
fracturing, rangiog from hanoless components,
jnehiding coffee prounds or walnul bulls, to 29
components that may be hazandovs introduced
e the waber supply {6) An inovgasde seld such
25 hydrochlorde ackd {s oiten vsed 5 cloan the
wellhnre arsa after perfrstion and o dissolve sob-
uhle mincraly i the swrounding formation. L
gopde pobymers of petroleunn distillates are added
1o veduos friction between the fuld and the well-
bore, lowering the pumping oosts. Antiscalents
are sdded 1 the fractoring fuld so as to Bmit the
provipitation of salts snd metals o e Brostion
gl inwide the well Besides zonling, bacterial
prowih 5 & moajor conogrn for the productivity of
& gas well {guantivy and quality of produced gas).
Ghatsraldebyde b the most cormon sntibacterial
agent addod, but other denfectaots fawh as 2.2~
dbroma-3 »m‘;r;é{\gempzonam;&t {OBRPA) orchlp-
ring dioxide] are often conaidered. Surfactants
{aloshols such s mothanol o sopropancly may
sleo be added 1o reduce the ol swhe tonslen
o wid thid revovery,

Hethane Migration

Asipventaried in 2000, oo than 40 milon 118

citizers drink water Fom private wells . In
some areus, methane—ihe main component of
naturad gae--soeps e these privale wells Bowm
edthey natueel or anthropogenic sourses, Given 8
ow aohbility (26 mg/l at 1 atmm, 3P0, methane
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that enders wells s 2 solnis 13 not considersd »
bealth bazsed with respect o ingostion and is
thevefire not regulsted in the United Stwtes When
present, however, methene san be oxidized by
baniris, rosulling In oxyveen depletion, Low ey
someendirations can resul I the increpsed eotubdl-
iy of cloments such 8s arsenie of o In add-
tion, snasrobic bacteris that peoliferste weler such
sonditions may reduce ailfle o sulfide, crating
weaber- and si-palty feenes. When methens de-
gazses, it can also creade nuhidity snd, In extrame
pases, exphode (13, 74}, Thofey, e U8, Depat
soerd of the Interior reomraends s warning weter
eontalng 10wl of CH, aod trvoediste action i
conconirations reach 28 mpfdl £03) Methone cone
sentratione shove 10 reg'L indicats tat socormde-
ton of gas could result o an explosion

The most common problem with well cone
strootion 12 & fuly seal iy the sonuder spane
sroumd casings that is emplaced o prevent gas
teakage Bow s well into sguifers 73} The ingd-
donee rate of vasing and coment problerns i un-
ponventional gae wells in Peonsylvania has besn
repoated previously as -1 00 2% (7 Our count
in FPennsvlvania foorn 2008 0 March 2013 &
weell constraction problens lnch as cashog or oo
menting noidents {14 cied by the Powwsvivania
Degurin of B sl Protection (DEP
revesled 219 noticss of viclation out of 6466
wells £3.4%6) {717, Of these, 18 wolls In northom
Penmsylvands wers ghven notions with rspect to
the wegulation that the “operator shall provent gae
ard other fkdy Sow lower Brmations Bom ene
ey Besh grotndwater” fviolation code 78.734)
Meost of the time, gas loakage is minor and san
be remedied. Fowever, In one case stirfbuted ©
hamelins deilling and loaky well canings, stray
gas thet socuroutated in a8 private water wall exe
pleded near the novthesstorn Peonsybvanis fown
of Dimock. & study of 60 groundwater wells in
that ares, inclding soross the border In upsiaie
Mew Yok (705, showed that hoth the svemge and
maxionm wethane conceniations wem higher
when ssroplod frorn wells within T b of sotive
Mareolius gas wells a3 cosnpsend with thoze S
thor away. Much dscussion has sines enseed ag
o whether the rmothane Jotocted In these wolls was
comged by Jeilling or naturl provessos i} b
eoose the area hew long hed souroes of buth e
pervde and biogenic nethens muelated o hydmulio
fracturing, sl no peedriiing bescline dala aee
sevatlebde. The sversges reported o that siody fe
sites both near and R fom drilliog are not dis-
stmitar from valnes for grovndwater fom sress of
Permsvhvads and Wost Viginds campled by the
LB, Seologiosl Survgy (URGE) boftwe the reoent
Maroethw Bhade dovelopenent bogan, o ssoples
in Mew Yok sate where high-volume hydoofiar-
ardng do cvently banmed (Fig. 23

The vesson gas s fousd so offon Inwstor walb
i soens arens i becapse methans not only foros
at depth osturally, owing o high-lerperatune
mahestion of orgauie matiern, bot also st shallow
deprthe through breterial processes (23, 7o) Both
these thenmoganie and bogenie ges fyoss oan
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migrate through fmbs vpwad fom desp for
matons or lntorally from environmests sach &
swanps (swamp gas) or glackal ol (deift gan)
€14, 27 In addition, gos con derive from anthr-
pogenic zoumes such a8 gas stwags felds, ool
e, londfiths, gas pinelines, and sbandoned gan
wells LI ot ~350,000 i and gas wlls
have boen deilled in Ponosyivenis, snd the looae
tions of 100000 of tese sre unknows {29
Thus, I is not surprising thet gas problewms have
ocored in Parmeyheania long befors the BMarcelle
shrveloprnent (37 Peopsyivendn is not the only
stats faoing this problem beose shont ~SLH00
docmrersd orphened wells snd potntislly mere
than 93,008 wdonwnonind orphaned wells o the
rntted Biales have not heen adeguately plugged
ek ooudd so g vertios] conduis for gas (11
Ag natural gox moves I the suborface, B omn
be partially oxidived, mdzed with other gases, or
cihaiodd slong fow patha, To defermine #8 prov.
oranse, & “mulipls Boes of evidense approach”
mmst be pursuad (493 For oxamople, rescerchers
measurs the presencs of other hydrooatbons e

well s the botople denatores of B, O, and Ol
thie wrater o gag {4, L Thermogerdo gas in
groerad bos moee othens and a Mghe PO i
s thar of ngende gas, Biable lsoiopes In therme-
Eeie ges ey sometines oven vishd chs aheagt
which shale was the soue of the gas (04 In
novtheasterm Pervwyivans, revearchers srpus whele
e feokpde dgoatiess of S mothane b drinking-
water wells indicats the gas derved Bom e
Maroeltoy or Fom shallower formations {74,

Alihough deterndning the ovigin of gas Inwa-
oy wulls may lond o solutions for this problem,
the sowwe doos ned alfest Habdlity beoauss gas
companies we responsiile i can be shown that
any pus—not it methene—hes moved o g
water woll becsnse of shale-gas development
sctivity. For example, drilling can open surBioind
fmctres that allow premusting native ges to leak
o water wells 0101 This means ther pre- and
post-Jeiliing gos concenteation deta are needed
detormnine culpability. Only one published stady
sornpares pre- and povt-drilling water chomisty
i the Mursellos Shale drifling ama. In that otudy, s

Broduetion rale Walnrshods B
(ARG Sffagheny
[N Dielrware " 3 .
© 00~ 108 Erie s
O 101 - 51 Cmrones
O 541 - 1000 Miveongahala
B 1001 - 2000 Oivio
& =30 . Potormac
S Nonpmduning Susnushanna
i Centalivad waste frestment plands

Fig. 1. Marceiius Shale wells in Ponnsylvanis. Rapld development of Barcelius Shale shce 2008
resulted in move than 12,000 well parmits, with mors than $000 wells drilled and 3500 produchyg g
through December 2092 {average dafly production ranged from <01 to »20 million cubls feettdny
MRCRTE, Current focations of contralimd wastowater trostent Taclities (O0TS are distribuled o
faciitate weatment and reuse of Rowback end produced water Tor hydraull frackurlrg,
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sanple of 48 water wells In Poweybvania tves-
tigaied betwesn 2010 and 2011 within 2500 font
of Marcelhie wells showed no statistical Jiffer
enwes in dissolved CHy cotentations before or
shortly after Jilling €19}, I addition, no siatistizal
sifferences related o distemce fhom deilling wers
ohaspvod. Howevsy, that study reporied that the
concentration of dissolved methans increased
in one well aher drilling was completed nearby,

which is possihly consletent with s avemge rafe
of easing probdems of ~3%,

The rais of detection of methane in water wells
i northesst Penngylvania [80 10 85% 1
is higher than in the wider region that includes
sontiowestern Peomsylvands [24%% 1, whern
pre~ and post-drifling conventrations wern statis-
tioatly identical. This coukd be o result of the snall
sanple sizes of the two studies or becawe the

Table 1. Commeon chemical additives for hydradic fracturing.

felditive fype
i

Erampls componnds Purposs

Clsan out the wellbore, dssolve
minerals, and initiate oracks In rodk
Binimize friction between the
fluid and the plps
Frevent orrosion of pipe by
dituted actd
Prvvant pracipitation
of metal exides
Bacterisl control

Hydrachloric acld

Pobyacrviamide,
petralenny distillate
Bapropansl, aeteldshyds

Friction reducsr

Lorrugion
inhibitor
fron wntrel Citrie ackd, thioghyootic add
Bioride Glutarsidebyds, 2,2-dhrms-
F-pitrfoprepianamids (DRNEA)
Guarfantham gum or
hydrasyetiyl cellulons

Thicken water &
suspend the sand

Gelling agent

Lrosshnker Bovats salis Baximize fhuld viscosity
at high temperatures
Breaker Arorium persulfate, Provnnte breskdown

magnesium peroside
Ammoniem bisulfite

st gel polymers
Romove oxygen from
flukd 1o reduce pipe torrosinn
Haintaln sffectivensss of
ether compounds fuch as cosslinken
Heap fracturss open
Rechecs deposition
a6 fHpEs

Decreass surfacs lension
o allow water recovery

Saygen soavenger

Potasshum or sudium
hydroxide oy carbonals
Silics quarnz sand
Bihylene glyosd

pH adiustment

Froppant
Seale Inhildtor

Fihanel, Baprepyl alcohol,

Surtactant F-hutonyethanel

Box 1. Glossary of Terms

Cosing: steel pipe that b nserbed Ivbo o recently dritled section of a borehole to stabilize the hole,
prevent condamingtion of groundwater, and iolate differend subsuriace zones,

Comenting: placing 2 cement mixture between the casing and 8 borshelde to slabilire the casing
and seal off the formatien,

£lass 1 dleposst wells: anderground njection wells for disposal of Rulds associated with ol and
gas production.

Flowhack water; water that returns to the aulas afer the hpdrulic frachuring process B
complated and the prossure B released and before the well s placed In production; Sowhadd
water refurn oorurs for several weeks,

Produced water: watsr thet returns to the surface with the ges ahter the well i placed In
rroduction; production water refurn ooours during the Bife of pwell

Proppand granular materlal, such o5 sltica songd, cerarmtc media, or bawdle, that keeps the e
apen so that gos con flow o the wellborg,

SHchwater fraciuring: Fachsing with Buld thet conteins mostly water along with frigtion
reducers, proppets, and other sdditves; used for predominently gas-bearing formations at
shaliower depths.

Sowron rocks organiosich sedimentary rocks, such »s shale, contalning matural gas or ol

Stray gas 093 contained in the geologle formation outsids the wellbore that & accidentsily
mobitized by drilling andior hydraulic fraciuring,
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hvdrogoniogiosl regime in e northesst s more
g 10 gas wigetion (54) Such peological differ
snoes alw rmay explain why regions of e Marelhis
Shale have booy chamactorized by controversy
i regand o msthane migration as noted shove,
whereas odher shalo ges arcas such as the Payetieeille
1 Arkansas have ot reported wator issuss with
respest fo methans (35 Relisble models that in-
eorporsie gostogical chameteristios an neederd ©
aHlow prediction of dbselved methane in ground-
water, B 18 slee pritieal v distingdeh natual and ane
dwopogerds causss of wigration, geologioal fotots
that exsoerbate sech wigration, and the Bheltbood of
anelibay probloms of water quslity related o the
depletion of oxypen Answaring sooe of these
suestions will megudes tracking temporad variations
in gras and leotopic convenlrations in groundwater
wells near and B from Geifling by wsing mnliiple
fines of evidonon {44, 24} Research should also
focus o detenvining flow pefhs i arcas whers
high sapog donsity can be aitained

How Protective & the "Well feronr”F

The protctive armey shickliog the feshwater
zones snd the surenmding epvironment fom the
confaminants inshde the well consist of soverl
tavers of vasing (hollow stoeld pipe) and coment
{Fig, 33 When the ntegrity of the wellbors i cosn-
prorrzed, ges rodgration or siray s can besovme an
issue (F4), Cas migration owd of 8 well mefors o
vevvenent of sodar pes sithor Suough or armd
the oxoent sheath, Sty g, on the other hand,
compraondy miers 0 pas cutside of the wellbora
e of the prbroany connes of gee yigration o shay
pas B relasod 63 the uppy posion of te wollbowm
when i b drifled o avock Srmation that contains
proextsing bigh-pressore gas. This high-presenrs
gas can have deleterious efforts on the Integrity
of the outer comment aomalus, such 8 the orstion
of micrachannels (35 Teroperafurs surveys oan
be perfored shorly aftr de comenting job i3
compdeted B onder to evsre thal cornent i pesennt
bebind the casing, Acoustic baging ol we slso
availabds 0 svaluete the tegrity of the cmment
anmtus in confmstion with pressure eetiog.

B iz well known that o effctively stabilive
welhores with coment In aress with zones of
overpressirieed ges, proper cement design and
proper wied removal s exsential { i the
hydrostatio pressurs of the coment colomn I3 not
Wighsor than the gas-bearing foroation pressure,
g ooan invade the coment bofore B asts. Cone
varsely, i this prosgore 18 oo high, hen the for
mution can frecmre, and & loss of coment slonry
van ceony. Bven when the density 1 cowrest, the
gus froun the formation can vade e coment as
¥ fransitions Bum 2 sy © 2 hardennd sade {35%
The shory muset be desipned 1o oinimdze this e
sition time wd the loss of fid Bow the shary
ihe formation, A, i deifing mad & not properly
chraned Bom the hole bafbre comenting, wad chan-
neks may sllow gus migetion throogh the cental
portion of the avembis or slong the coment
feroution interface, Bven I the well is propesly
cleaned snd dhe coment & placed propuly, suidage
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of the sement during bydition o sz 2 rosslt of
drying thronghout the ik of the well can ey uﬁt (]
erack developrosnt withdo the sl

Abbough the primwry mechanbms wmubu
uitng © ges ougemiion and siray g are undor
steend, I i difSoull to prodiot the risk at individus!
sites beoause of varving geologioal sonditions
wnet Srifhing practices. T sucesssfnlly profest fingh
water and e surounding enviropment from the
contursians inside the well, te siiespecific rigk
farinrs contribating Yo pas migration and seey gas
st be better nndersiood, md improvemente inthe
agnostios of oot amed oasing Intogrity sre nesded
for oty new and axisting wells, Finding solutions
i these probloree will provide eovironmntal spone
cies the knowdedge nesded o develop sound reg-
ubstions relded o the distances sooond gas wells
that can be sffected. Hwill alen provide oporstors
the abillty io provent g migration sed sy gas
i v o officient and e ioal manner

The Source and Fate of Fracturing Fleld
The dotling and bydoulic fecteing of s single
howizomtal well I de Maoolns Shale vy o
guire 2 pethon o 7 milBon gellons of water
I convirant, only sbout | mdifon pallons are nﬁaxkﬁd
for wertival wolls boomme of e sl Brmee
fhom contast volume, Althoogh the projectsd wa-
o eonsuraption By ges exinaction i e Mavellue
Shnle region 15 18,7 mlion gallons per dey i 2013
{540, this constitutes Just 00.256 of tolal snnuel waber
withchowals in Ponmsylbvania, Water withdrewals in
ofher s we shmiterly low, bud teonpovary prob-
Terms can be experionead at the locs! lovel duddng
drought periods {0 Purthermors, wabsr quantily
igoues are provalent i the deier shale-gme playe of
the soudbwes and wester Urdied Satee 903 B s
Hloaky that water noeds will change Fon these inital
prerieciions os the indvetry condioues b Improve and
Tnplonsed weler reuge. Novertheless, the woder-
standing of Sow variability——sopecialy during
dromght conditiong or It roglons with sheady
streased wabsr supplies—dx nocsesary to develop
bexst wanagsment practicss By water withdoeesl
A B e el necessary 1o Sovelop specific pol-
ictes repuding when and where water withe
demvenls will be pormitted o sach reglon (85}
Afer bydraulic fucturing, the prossars bar
viors such s fao plogs sy removed, the welthesd
vabee i opmed, and “Bowback wate®™ t5 ool
fected at the wellbsad, Ounce the will begine fo
precehuce gas, thie water & roforred 1o 88 “prodused
water” snd s meoversd frooghout the Bfe of
the well. Flowback and produced waters are s
mixtore of dected Buids snd water that wa
originglly prosent in the twget o surrounding
formations {(formetion waker) {4 The
faction of the voluon of isced water thet is
reoovered sy Howhack water fom horizontsl
wedle in Pormsylvarde moges fom G0 33500
with an sverage of 10%, B has beon ohaprved ﬁm
the recovery can be even kower then 1% i the
well e sha-in for s poviod of thoe 000 Tho well
is shud--0r g closnd b fach
tog and gas production—so e to allow tho gas i

12350094

mmove foomn the shale roavix oo e new fechires,
Two of the key wnanswersd questions s what
haggens o the facturing Toid el & oot ™
soversd during the fowback period, snd whether
this Huid conld evontually contaminate drinking
waber aguifore {4 14), The anslyess
of Mareelios ﬁkai@ W@TEE Eags. nsBioste that the low-
pmmﬁ*ﬁézﬁm shale coviaine vary Hole fos waley
i . wnd wah of e bvdeudic fecturing
finid sy dnbeibe (abeoeb) o the shele.
Feactwring fhoid oonld migwmie along shen-
doned snd buproperdy plugged off and ges wells,
Hwough an adeqeisly seeled sonulus betwesn
the wellbore and casing or doough ol or
istuved fractures owiside the target formation,
Indesd, our-ofSormation Tactres have been dop-
wrmersed 0 outend a3 nruch ax ~460 m ghove the

top of some hydendically Suotned shales (07,
bt st ~ 18 ko e oo below Geshwater s
fors, Nonetheloss, on the bagle of the study of 233
debnkdng-watee wells acrogs the shale-ges region
of raral Penneyivania, Boyer af af (317} reported
s mgdor Influenoes from ges well deilling or hy-
droftasturing on neatby weter wells, Compared
with the pre-drilling dats reporied iIn thet sudy,
culy one well showed changes In walir quelity
{salt concentration). These changes wor poticed
within devs after g well was Tvdrofactured lose
shan 460 m wway, but none of the anelyies ex-
seeded the stendande of the LS. Safs Deinking
Water fut, and newrly 3l the pevarmsters approached
peo-ceilling concentrations within 10 mouths.

T e wame of Toodhane contarmination i ground-
weater near Pmock, Permaybvania, contaoination

Hlethans (rogfl} }
11000 {
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DY ~ 25000 ¢
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& 28.001 - 59500

B
? Bars than 340 wells < & mofd.
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% 10y
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# 80 ;
b ]
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e RETBGE fr 34 welln In nonsclive sreus

Sverage for 28 walls In avthen arsas
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Hathane congentration {mgfl}

Fig. 2. Methane conventrations is grovndwater and springs. 8 Publidhed vabies for groundhustey or

spring sarmples Tnchude 299 stes i Rew York Fors 1998 10 2000 ¢

3, A0 sl T Pennsylvards n 2005 (0, and

T sftes e West Wirginda feom 1997 & 2005 129), Maxdrn verled Toom 685 mofd. In West Warghds, B 448 ol
s Thoga County, Pennsbanis, where an underground ges storage field was lealdng, 1o 2 valug approaching
45 mgdL i New York, (8 Yalues shown with down arrows are sverages 1or 2 set of wells I southeastern
Howr Yeuk andd northeasiem Pennaybuarda ooaedd « 1 lom 26 wells) and » 2 ben (34 veells) Froen st g billng £33,
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tey saline fowback brines or fincturing fuids was
not observed {20), Oue saly US. Bovironmental
Protwotion Agengy (EPAY report (34 suggested
that a vertically factured well in Jackson County,
West Yirginis, may bave condarminstod 2 locad water
ot with et Hom Fachuring fubd This vorteal well
ws factred @ adopth of st ~1220 v, and Barold
watms gas wells newrby may have served m con-
duits for upward contarninat ransport. A verent
EPA study (59} impliested ges production wells
i the conturminstion of deep grmdhwatsr resmirces
near Poviliion, Wyoming, Howeven, resampling of
the monitoring wells by the USGE dhowed that
the flowrate was B0 small to lond confidhmor @
watee-cualily inferpretations of one well, leaving
duta Hom ondy one ey well fo tpret with o
speet b contiainstion, snd mpulaton are il study-
g the datn (380 The Pavillion gas Seld consism
of 168 prduction wells into 8 sandsions (not shele)
fopnation and b umesd o et Buctiring was
oomnpheted as shallow ax 372 m below grownd. In
addition, surfce cestgs of gas wells are as shallow

the aoinal ydeultic oonduciivity inthe

25 110 vm helow ground, wheress the domestic and
stock wwells s the s s sorened as desp as 24 m
helow gomnd, The ik fo diroct conbanmdoant
anspot from gas wells o deinking-water wedls
spcreases deamstically with o decresse in vestiosl
distancs between the gas well and the aquifin

A pocent stdy applied & groundwaler rans-
port meded (o ootimate the sk of growndwaier
pomiareination with hydraulic frecturing fuid
by using prossure changes repovted for pas wells
{73 The stady concludad that changes nduced
by hydmalic fracturing conld allow advective
wapsport of fravturing fhid o provndwater
gopaifere B <16 yemvs, The medel inchades numer-
oug shnplifications that compromise Bs conchy-
st {39), For example, the model 3 based oo
the assuroption of ydrmbie conductivity that re-
fleots waer-filled voids In the geologics! B
tong, and ved many of the shale and ovarburden
formations sre 1ol wakersatoraied Henoe,
ald conbd
be onders of magnituds lower han that sesumed

& Betwean camend and casing
8 Through raclires

£ Through gaps

3 Hetween cemant and formation
E Through comant

Fig. 3. Typicl Moroelios well construction. § The condudior casing sting fornms the cutermest arer
vhosest to B surkace 10 keep the upper partion of the vl from collapsing and it yploally oxends fess fan 12w
{40 1) from the srtaoe; ) the anface sasing and the cement sheath srmunding # that edend to 2 misdmum
of 15 wy befow e lowest feshuater zone b the fest aver of defense i profeding auullers 8 the anaulus
betwesn Bie intermedinte casing and the surfare cosing B Blled with ooment or & brine sohatior and () the
proguction siring exterds dowm B e production zone B0 to 2800 m), and coment i abo placed in the
armdus Betwesn the Itermetiate and production tasing. Potential fows In the coment anmidus frset, "Rt
5 smpresent key patfays for gas ardgration rom upper gas-bearing Tormations or from the trget formation,
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i the study {59, Furbenmon, aitbough doep Jolnt
sets or fraciures exist {143, the assumption of
preexisting 15300-m dong vertical Factures is hy-
pothationl and not bassd on geologic oxploration.
Henes, thers is 2 nessd 1o establich realistic fow
mnciels that e inw aceount hetorogeneiy o for-
raghions shove the Marcolhe Bhale and mabistic
hydsaalio onnductivitios and Bactariog condions.

Lo, # hu bony been Jenwsan AT
that groundwater o salinteed where deeper ane
cient salt formations are prosent within sedimen-
ey hasios, nchuding bastos with shale gas, Where
these brines are presont & wlatively shaliow depths,
such as in resch of the povhoaston and soufhwest-
sro United Siatss and Michigan, brines scanolfirnss
seep fo the swrfwe petorally and sre anelated o
brpceanbie fractwring. An rnporiant rescarch thrust
should focus oo understanding these natprnd being
yansport pathways o defennine whether they
could represent polentisl del for contamination
of sguifirs boosuse of hydranlio Bactwring.

Approprizte Wastewater Management Options
The fowdeok and produced water fren e Mol
Shale 5 the seoond sultiest (53 and moet adio-
genic {5 of oll sacnsatsry bastng B the United
Sttes where krge vobume bydmulic facturing is
ol The gverage amotet of nemeal gasrelated
wastzwater i Popgybvanis duting 2008 w0 3N
was 26 million bareels por vear (3 fofold increase
eorrparead with pro-Marcalbs perod} (80 Cons-
pared with conventiona! shallow wells, Mareethn
Shale wells genseste one Sund of the wasewater
por unit vohame of gas produced (83}, However,
the wasipwaier sssociad with Marellus dovel
pprment In 2010 aad 201 scccuntsd for 68 and
79%, wspectfially, of the il off and gas wasle-
waler regeiring yoansgement in Penpsylvania.
Flowbaskprodoced water I typically impounded
s the surface for subsoguent disposal, treabioent,
or rese. Beauss of the largs waler volums, high
comeeniration of dissehved solids, and complex
phvsical-chendeal composttion of this wastowaler,
which inelpdes organie and rdicactive conypo-
nents, the public s beooming ncmasingly con-
serned about peragement of tis watker and the
potential for ko hoalth and anvlronroengal ine
pants associated with the relesse of ontrestad or
rderpstely Troatod wastowaler i the onvironment
, In addition, spills fown surfce impoundiments
s ok o Tnfilation to poundnior though
failerd Howrs are potentied pathways for suefbes and
groundwatsr cootamination by this wastewsier,
Treatment wehnologiss and management
strabegies for this wastewater aro constrained by
regudations, cconormies of bmplementation, fach-
nedogy performances, geologic setfing, and final
disposal altormatives The majority of wasts-
water from oil and gas production in the Undled
Siates is disposed of effectively by deep under-
sronmed drgnotion {443 Howeves, the state of Peone
sybvanda has onby fve opravting Class 1§ disposal
wells, Alhough underground inection dispossl
wells will kely noresss in munber in Pamsyh
vania, shale pas developrent is corrently poonning
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i roany s whore Class B disposal wells will
nod by peadily avatlsble. Moreovsr, pornrissions
for s} oomstroction of new deposal wells b oo
slex, dms-consuning, and costly, Ddsposal of
Fermayivanis brivos i Obdo snd Woat Vigiola B
ongong bt Enited by bgh ‘ammg}a}mﬁm oosts,

The taok of disposed we 1 capaciy it Pemnmyha
we B comnp by e ndhiced ownmgndtade
suiarmie ovens of ;igsgmm wells in ether locations
i Hhely diat the daposal of wastowater
by deopewell injeotion will not bo o susinloeble
sohtion somes ravch of Peonevieandz, Nonetheless,
Dotweon 1983 sod 1984, Toxes repovied &b most
~3 (X} cones of confiad wmmmﬁm of gronmd-
water fom oiffield injection welly, wdtwater pits,
and shandoned wells, even though at that ime the
stade hosted mone than SO0 dnjooion walls s
eitend with off and gas O Bost problems ware
sasociated wih small, independent opemtirs. The
abiepelty of wolbs sud rolative Tnok oF problews with
vespect 10 brine dpossl I Texes & one Hhedy oxe
vhavation why poblic pushback apminst hedanlic
fchuing & omor Hodied & Tows a8 conparsd
with the northeastern United NMaes.

Another reason for puble poshbeck B the
northeast roay be that in the early sfages of
Marcelng Shale development, particdady in
2008 o 2008, fowbackfproduced walse was dis
charged and dibated o publicly owned tead
mend wirks POTWs, or mudeipal wastowator
frentment phanis) wider permslt, This practics was
the mador pathway By waler contemination bee
sruse thege POTW: e not dosigned & troat sotad
digsotred solids (TDE), and the oalority o THS

passed direoity o the revedving wadsowspe {5, 77,
;ﬁméﬂ% ta neeased salt boading in Poonsy ivania
vivers, sspeckally duddog low Sow (74 ]
spouse, the Ponngybrarda DEP lotoduced dee
chargs Hmis o chminate disposal of Marcsiius
Shiade wastowaier o POTWR U7 In eardy 301G,
there wore 17 conttalized waste trostment planig
{CW Tt in Ponnsyivania Sl were axsmpled fom
the TDE decharge Bodls. However, seoonding to
Permeylvanie DEF weords none of these UWTh
seproied 0 be ety recetving Marceliog wahs-
waker, sithough they may recebye produced water
from conventions! pae walls, Nevertheloss, the
TO lowd to swfios wators Som Bowhacprodued
water inorsased Som ~230000 ke'dey in 28 w0
355,000 kpddey I 2011 {84}

T i Jiffieul o deleondes whether shale gos
extraction M the Appalachian rogion since 26
haw affecied water quality spionally, beosuse basee
lne conditions are often snkoows or have sb
ready besn afftcted by ofher sottellles, sueh s
coal nintng, Although Meh concentrations of
"\ks, Ca, and O will be e most izkv v fons de-

weted i Sowback or secd watere b indes
waterways, these salts can also orighsate fom
many other souress {77} In contrast, Sy Ba, and
e sre hghly speeifie signadures of Bowback and
procuced watas . Ba is of partioulsr Ine
ferest in Pennevheania waters in thet € oan he high
i soifiepeor Bowbeckdmoduned walos but w
e sulfte-oonteining cosbnune drainage. Ll

TEIRA0SS

17 BAAY 2013 VOL 340 BOIERGE

fhe ratiy of 8%y may bo an lsotopic Snpas
print of Murcelue Shals watery {34] 773

Taegoting somne of thess “ﬁng»z@nm” 2O
fninants, the Pennsvlvends TP bogan & new
montioning progran i 301L. Saegples s ool
lectad from pristine waforsheds o well as fom
stepars vear OWT dischurges and shole-gas &l
ing The Shele Network i collsting thoss nese
suremnents with hgh-podiny date Som oltieen
solontists, the TRGE, the EPA, and other sntities
in oweler 10 aseuss potondial welsr goality tmpacts
i the novtheast {74, 740, Befre 3005, mean cone
contrations in Ponvevivands surfioe walteny in
oovting with wneonventiondd shade-ges develop-
yoent wore 27 £ 32, 5504 630, and T 4 B el
forr Ha, Sy and Br o), reopectivaly Fig, 40
Bost valees more than 3o shove S mesn sone
cenfrations since 2003 reprosent sarnples fom
areas of known brine offfventes Hom CWT A
concers hae beon rased ooy bromide kevels inthe
Adlogheny River walsshed (et ooy desbve fom
active OWTs boosuse of hoallh offbol snsociated
with divinfeotion by-qwodues fwmed o8 8 result
of twomide I deinking walsr soures {6,
Chven the oot sogalatory olimate ami i}a\
faot that the melorly of dissolved solidy passey
through thess CWTy, # & spocted thet dese
eptnent faeilitos will lkely not pluy v major
role i bavestine Shele wastowader mansgement,

The dordost wastowalor roanagement prac-
tipe in the Marcoline Shale region nowadeye is
wastowsler roase S hydrsulic Suctwdng [
veviow of Fennsyivania DEP dats for the st
& wmonths of 2012 ndioatos 594 vonse mis
Wastesrater s Impounded at the sorface sad uﬁﬁd
diveutly, o affer dilution or profrostment. Reuss
ofwastowster rdndntees the volume Satmesthe
treated and dy thus reducing e
tal oomiml costs and riske and enhancing the
seonomic foasibilty of shale-gas extraction (87),
Currently, oporators o the Marcollns ropion do
not fully agres abont the quality of wastewadsr
thet must be attelead S rouge, Major concormns
nchde possible procipiiation of BaS0, sad to e
lesser oxtent, 8O, and Calh o de shale B
pration and the wallbore and the compatibiity of
waniswalsr with chersdoals thad ave added o the
fenotnving foid frooh s Blodon voducers aod vis
cosity roodifiees). Hence, » bettor wnderstanding
of chomioal compatibility iosnes would greatly
wnprove the shility to reuse wastewater and min
imize dispossl volumes, In addition, radionctive
rachiun that ds oonmoondy prosent In Sowbeslk/
prochucsd water will Hiely be incovporated in the
sobicls et foren s the veastewater trentmend procesy
angd could vield s lowconseniration sadiosctive
washe that mogt be handled sppvopriately snd hag
pefontal crsite hure health hopHostions.

The waslowsaior OIS DIDEIED reposenis &
sowewhat lemporary solotion S wastewater man-
sgement probloms b sy shale play, This program
werks only as long as theve lo st waler connung-
Hor b & ghven well Seld A S woll Bold matorss
smd $e mte of hydradio Suohring Hadnishes,
the Held beoomes a net water producer beomuss

the vohene of prodeced water will saveed e
senonit of water nooded for hydantio facturing
oparations {7 - Ty nod et closy how Joag 8
will tuke to roach fd polot b the Muevelos wegion,
bt # in choor dwd there B 2 need o dovelop add
Sonal teohuden! solutions Gasch ag effective and
scononnies! sppronches for separation sad wes of
Jlesobvad salls o produced waler and wese
voont B neturally comuring radivactive msteral
that would allow continued development of this
hoporiat satursd rorowees I st environmene
sl responsible manner. Consldering very high
salintty of many produced walers Bom shale g
develomoent, Bis & uly » fomideble challenge,
Begearch fovsed on betiern wdersinnding of whes
the salt coanes Soem and how hydeofaoturing wigt
be dosigned fo mintrde salt el o e b
surfhos woukd be highly beneficial,

Conclusions
See e advort of hydiulic fSuchuing, o
ihan 1 milon hydranfie facturing teatmenis have
besn conducted, with pohaps only oo dos-
mesded vase of diwet groundwater polhiion
rexuiting So injeciion of hydeslle Hechuing
chemdeals psed S dade pw extaction (54) B
pucis Hoen coning ledlosge, well Mowonts, snd spille
of confamineted Hulds ave mon provalent bat
have gonerslly Doon quickdy itigeed (77, Howe
sver, condidertiality requdrements Hotaged ‘t}y Tl
wvestipations, corsbined with the oxpedind
efdevelnpment s the fnited fnding R ressanh,
are sabylantial inpediments © peorseviewsnd o
seavoh inte onvisomnentad bopacts, Partharmons,
gas weolls are offen speced closely within snall
avens snd condd rosal i cuencdative mpaos )
et develoy oo showrly St they aee and fo messure,
The publio and government ool go cone
tinndng to radse quostions and fhous thelr attention
o0 the iseus of the exact composition of te hy-
droftacturiey foid wed i dhale fomations. In
2018, the LS. Hounss of Reprosentatives divented
the BPA o corduct 2 sludy of hedeanlie Sectwing
ared My dmpsot on delebdegowater rezoumses. This
stndy will add fmporiant infemation fo acoount
for the fis of hydranle Buchuing Suid infooted
e the gas-boating Bmnstion. B s well koown
that & forge portion {8 rewch as 30% of njeosed
P i not recovered during the Jowbask neried,
wned ¥ Is imnpostant o doowment potential temspot
pathways sod wibmete doposition of the Injected
Hudd, The development of prediotive methods to
scouriely acomant B the entire thad volue haged
o detatled geophesiosl snd grochereiosd charactes
wthes of the Hunstion would allow v e belter
destgn of gae wells and hydradic Seotwing toobe
nodogr which would undonbeedly belp allovinte
pablic concoms. Ressorch & also neaded o optie
iz waler ranagement slmbagles B effootive gos
sxfrotion, B addition, the lnpaet of shandoned oft
and gas walls on both Sukd snd gee migeion e s
coneam that hes not vet beon sdegutely addused.
e roigration roouived constderable atbention
in repent veuss, especially i cortaln parts of the
Appalpehion besln (such ax northeast Penmaylvania),
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Fig. 4. Conventrationg of three lons in surface waters of Pennsylvanta in
connties with snconvertionst shale-gas wells: (A barism, (8) strontiun,
and (0 bromide. Duta reported by EPA (STORET dotal, USGS (NWIS duta),
Sumpuehanng River Basin Comendssion, Appalachian Geological Consulting and
ALLARE Hrom Shale Nebwork database {78, 79, and from the Pennsdvania DEP
(SAC046) Inctude all rivers, streams, ponds, groundwater drains, lyshneter wa-
tars, ang mine-associated pi, seep, and dischargs walers acoessed by using
HydroDesktop {w fstorg) in the relevant counties (data belore 2009 for
bromide are not shown), Lines indicate 3o abovs the mean of data from 1960
o 2003 for the kongest duration detasst (USGS), Most values above the tnes

since 2003 represent targeted sampling i arsas of known brine effluents from
corventional of and gas wells {such 25 Bladkdick Creek recelving brine effiuent
from 3 CWT) The Mghest plotted Ba concentration was measured in Salt
Springs in northern Pennsylvania, Theee of the Tour samples with highest &
and Br are from Blacklick Cresk; nexd highest 5 from Salt Springs. Original
wisfues reporied bensath the detection Hmit are plotted at that Bmit {300 100 g
Srily 30 ug Bafd; and 30 0 200 jupl B The EPA maxkmum confaminant level
(ALY Yor Ba is 2000 uofl. EPA reports no MCL for Sror Br. etime and T-day
health advisory levels for Sr are 4000 and 25000 1l respectively, and 2 loval
under consideration for Br s 5000 pgfl.

Tt has been known for a long time thet methans
rigyakes From the suhsurfecs (such ag coal seams,
glacial 4i, and black shales), and the ability 1o
ignite methane in groundwater from private wells
was reporied long before the recent development
of the hMurcelhs Shale {14 However, in the ab-
sence of rehisble baseline information, i easy
o bl any such incidents on gas exmaction ac-
fvities. B is therefore oritieal o osiblish baseling
conditions hefore drifling and o use multiple

wawesclencemag.org  SCIENCE  VOL 340

lings of evidence o better understand gas mi-
gration, B iz slso inportant o Boprove dillling
and cementing practives, esporially through gas-
bearing formations, in order to oliminate this po-
tential pathway iy methane migration,

Waler management for wnconventional shale
zas exbuction is one of the key lesuss that will
dovninate environmental debate surrounding the
gas ndusiry. Beuse of Howback and produced
venter for bydraulic fuchuring is currantly address-

17 MAY 2013

ing the concemns regarding the vast salt quantities
that are brought o the surfce {each Marcalius
weld generatos as much ag 200 tons of sult doring
the fowback pedody. However, there is a need
for comprehonstve risk assessment and regula-
oy oversight for spills and other accidental dis-
charges of wasiowalkr to the envitomment. As
these well Helds matire and the opportunities fr
wastewater rewss diminish, the noed to Sod alior-
native menagernent siratogios fr this wastewater

12350097

;0 DIPECIUIACD

o
-
kS
=
R
2
o
&
-~
-t
B
fud
3
et
fud

ED_006743A_00004034-00018



REVIEW

wilt Hkedy iensife Mow is the e o work on

these losues i ondordo g

wwold an adverse sovk

ronmenta! legacy stnsler @ that from sbandoned
coal rubne Hacharges B Penneybvands,

3

o

itn

. &, Holdigh

3 Obmstead, L& Sushienbarhs, 3-8

&,

References and Moles

.S Enewy information Adminstration, "Smmual Sheay

Catonk B0LY, Parly Redsase”
03 avallable &Y
S
Reserenire—Tight Gas, Coal Seams, and Shales, Working
Doosnent of the Mational Perclenm Councl on Slobad
o and Gos Sty (Natfons! Petrodeum Coumdl, 2L
B, “The fatwere of natursl ga”

. Vinpartoent of Erewgy,

{ussachosstts fstitnts of Yechuobogy, 20333

A, 1 Krupnick, Proc. Mol Sood Bl U84
onfine 13 Barch 3013, o
. Engelder, foof Worth Bagls OF fos Slog 30, 18
{3009

{13, Hoase of Reprasentatives Commithee of Snengy and
Commrriares Minorify Sa¥, “Chordeals uond n Hydrafic
Fracturing” foreparad fr M A Waaman, B 1 Markey,
. DeGetts, 301IL

» pbished

7.5 Entreldn, 8 Beans-White, B lohnson, B, Hagenbugh,

Raptd sxpansia
threat te
(R BN

v oof notural gas development poses &
wnd. frad Srviron, 8, 503

. BOL Brohan, 8 Britingham, Soff Sef Sec den LTS,

1596 {03300

. Prergy Infarmation &dmirdaration, Solfog Sideways

Fevtewr of Hocleordal Well Tacfinology and By Dooestic
Appfication, DOBTATR-GEET (U8, Departmmont of
Energy, Wahinglon, DO 1998
NYS DEC, “Dral S i
Staterneny on the O, Gav s
Pragramy, Well Pormil losuanee R Marboral Dviling And
High-Wokrne Hydnaadic Fratudng te Dovslep the Sseolhs
st and Dby Lowe-Reowsability Sas Reomrals™ Paw Yok
State Deparimers of Environmentsl Conservation, 30098,

avtad mpadt
F ‘z«iuhm Mg Reguedatory

%

18,

ity

2%

12350098

. 505, Harvison, Beahsating o

L ROR B

16, K. Béwder, KL Brean, B

. L mnsfaim ?% z’seﬁsan M Com

iR DER Office of O and Sas,

. & Hubson of ol Gesl Swev Gl 1388, 1 {004
13,

AW, Govody, Factors affsg
eoncentration and Compa
Geoser 38, 1F 033L dob

the variabiifty of sivay ows
i grounds Frrwron,

tarn for gy
cantnination Em«sre % due (("c‘“§<’§‘ii Fragit
slackated Ap
CIEREL

F1 8 ielmsare, EG%c%zmxai m%ﬁza;ag fm »Eia. investigation
and mitigation of Bagithve mothans hasards §n aveas of oal
wissing” (A3, Dt of the inferter, Office of Suface Mining
Reciamation and Erdorvament, ?‘iﬁﬁburgh P& 2{;&‘!1}

1 Baldassare, RO Buvras,
Carbon st hydragan %ss}icgm wvidenoe Ry ti‘es arigin of
combustible gases B watersupply walls In nortecantral
25, 1045 U

e, L Martin, “Eredronmnentat
imparts during Meralluy z s il Cases, Igeachs,
et Moy, Nepor 305417 Shale Hespuroar and Sudely
institsy, State Unhensiy of Raw York, Boflfaln, 30388

Yotal connt dnchuded vislations 28734, 708101 and 03,
TEAGA and B TRAMGNNDWYR, PEAMOMIOE, T84,

FEAE, 75.86, and ZOTE. Welk with multiple viclations

were coonted only pnce,

O and Gas Compliance

{Pannsylvania

in Department of 08 and Gas, 20130
56 fshorn, A& Vengosh, N R Warner, R B Jadson,

Methane sonianvination of drinking watay eumpanyﬁﬁg
gas-wel driffing and hydrauik ?*aas:‘unng Frov, Yol
188, 8173 4
penicds
B Jacksom, 5 G Osborn BB Wamer, & Vangosh,
“Regporses t Teguerely asked guastions s cowgnend

Ao, Soi §

ne 15, LT

L

papay by Oshors of o,

E2. 6, £, Schen, Hydraalle fraduring nat responsible for
meiang rmigration. Foc Mo dood R9U54 108 Bésd
{3018,

23, R OL Davies, & fration of deinking water
catged by hdranll fracturing remalns unproevers, B
o, Sond Sl G54 108, BBYI Q0in

4 L L Mobebsby, L& Connor, § K Farhat, & 5 Waddie B,
F Wagner, 0 Goe Doy, 189, 34 B

35, 48 Laughrey FL Beldamars, dm dssoe Bed Geoll Sl
82, 3L (yea

&6, M. 1 Whitioss, Carhan s hydeogen Botops systemaths
of bactarial formatinn and xidation of mathena, Chem,
Seol 383, I93 {19991 &

2F. &, bricpe, A Drobrdak, & Schimmelnenn, Sorine and

28 K L&

A8,

41

44,

3 1R ?«Emt b B. wmim Wa*er e f&r &ﬁa igegas

17 RAY 2013 YOL

. ENEC, “Proterting owr Uousiny's Resowroen The

§. 5. Bol, M Grany, 5, Meller, &

. 8 L Rogers, 8

Betvolsn Geotogy,
Q813
¥ Bevasy B L Baidassave, 3. 3 Modelay,
“Ratural gases By grownd water near ?m“ unciion,
Tiogs Lounty, Rortheoentral Fennsvlvenia-Lourmnce
and 50 of Bolupes tn detennine origing, 20057
{15, Genlugical Supwey, Scherific bveestigations Repost
Savien 2DOT-R085, 2007

L P DEP, O and Gas Well Deiiling and Production in

Fonneyhianis” Ponnabank Dopurtmant of

Environmmental Froloction, P& DEP Fact Shesl, 30340

1O R Gough. B & Walte, B Rister Resouross i

Pemmpivonin Seefobillty Quolity and Bonagement
G K. Mapender, £ W Miller, BB Parbad, Bde
Ponrsyivania Scademy of Solencs, 19900, pp. 384398

Hiates
Tane, Drphaned Bl Magoiny nithe {:\tsa\&w{}&
and Gas Cempast Tomoission, National Energy
Techaology Laboratory, 20083

3205 6. Oshorn, 1 £ Mddninsh, Chamial snd oiopl tacen of

the contribution of micradisl gas I Dovonlen srganfosich
shaasfey avud fachian Bagda,

RN Hoper, B R Swlsteck, 1 Clak, M Moddes,

i E, Rizeg, “The mpact of Marcellus gas drilling on roral

drinking water suppling” i?‘"ssa Comtay for R
fusg HIOEY

2812
wr of of,, Gecchemideal evidenoy for possible
natural migration of Marcelhes Formation hrine to shallow
apfers b Pennsplventa. Sros, Mol Acod S UK
209, LISEY QDARL dok ;
pemid

TR Keesse o o, SSOE Solestify fovestigaSions

Heport FULAEIFE R
Harcassa, b de Rovlerss,
CHifeld Rev 3, 35 {0991

37, & Bonnelty U Ralivk, O8Fedd See 8, 36 {1998,
LY. Gorvale, B, Mskely, € Alicly, in SPE Lodiy dmsrires

and Coribbean Petrofeum Englnsering Conforense,
Sorfety of Sefrolawm Sngineery Interaotions! (o de
lanairs, Srad) Za:E} 3

£ {Benbeck, BB, BiE Sodety of
Betroloum Engipeers, ORI {2008}

BB Dueseault, B N, Gray, Sodlely of Perolsum
Enginesrs, S4733 {20000

§O8 Tiley, B O Slfay, B0 L Sutton, S
Fetrofeum Engineers, 357 (187§L
B Hoves, “Marslur Sl sater chavsiin (ppadachian
Shale Water Consanation and Management Committes, S000%

wofely of

ratural gas production from the Sarcalbes Shale®
{135, Geologioat Survey Fact Shest 200§-3032, Reston,
YR, IR,

5. B 6 Rabum, &
shale gas devslopmant: Hegional, coflentie impack an
waler reemprees, Emfron, Sof Poffy 17, 12 O3 b

. Rib, Toward sirstogh management of

34 SCIENCE

CEN

53,

86

§7.

58,

- B Barhot, S Vidic K. B

. £ L Bowsn, B & Engle,

. AL E Mantell, In 2P8 Sedranfic Sractuis

- R Envhronmentad Brotection dgany,

AW

- BOD Lt &N Lawis &L

ﬁ;eg%w ¥ B ¥idie,
Spatial and Temporal Coreelation of Water Qually
Parameters of Froducad Waters from Dovondan-fge Shale
Fullnwing Hedvaulic Frao
SNHF (AR, ek
L4 Halomomk, A W Boss, LR 3
syahation of fowhack Wine fom Maroedlos ges welis
snnovhants, USA Appd Geooem, B8, 55 {3038

i pai b : fop 4
fawch, R R Myars, 10K Mowee, B A&, Ugpdnaki,
B, & Houston, papey presered ot the S?E Eastern
Hogienal Mestioy, Soclsty of Peiroleurs Englnesrs $PE
125786, Charleston, WY, 2008,

5. Kirky, 1 F. Braemes,
“Rachium content of o ang gaefald prodiced wates I
sha Northeen Appslachion Basln USAR Sunsnasy and
dispussion of data” G08, Geologinal Sorvey, Scleniific
freastigation Report 3015-5135, 2013

g Sy
Technired Workshop 4. Water Sexonrves Monagemant
Chevepeaks Snevgy (Ollahoma Ty, OF, 2015L

2. 1, Syens, Potential contamioan pathways from

hpdraulically fracturad shal ey B
S8, 872 (20121 dnd
W i
B O Dithalio, BT Wi, O Mifler, G Obarly, "RIBET
frevpstigation of Goound Water Comtaminetion near
Pavilion, Wynming™ {115, Brvironmentsl Prndection
Spengy Offics of Ressarch and Dovelopment, 301
"Bepott 1o
Congresn Mansgement of wastes form the sxplosation,

4 nent, and production of cude off, natural gas,
Al geothermal enorge™ (LS. Envirormental Protactian
Apeney, Washington, B, 198%L

anuifers,

- T Engelder, zn 54 drnued Mesting and Sxposiifon

i ?m;i’s 18, ; avallable o

gelder, Caplly f
Flasiel dn Mavoatias gas shad
I0F, BRE2S (22N &
B Phdwer, N, Warplold, 588 Prod Jper 37, 8

(O

PR Wrght BB Mchebon, BK Suellee 8L Clay
“Groundwater-Gualily and Quality-Tonteo! Data for Tuo

Ronitaring Wells near Pavillion, Weambng, Sprl and Bay
3T {565, Dats Serler 718,

n sequesier frack
Fron, Mot dcod S0 134

s, “Tomparstive study of the
Hssfusippian Bamell Shale, Fort Worth Basln, and
fevonian Mavselius Shale, Sppalachian Basin, DOUMNEY-
ENTIIATET Duparinent of Enargy, Matfonal Energy
Technobogy ekantary, 301N

. LW, Poth, Peangpfianie Seoll Sy, Sull MEY, 1

{1esal

Hiams, U5 Seofagiosd Suney Sclentific

Imestigotions Ssport 36106284 BOI0L

3. U5 DOE, Tlmt-Effsctie st\emf of Low-T0S Frag

Flowhack Water for ?{a a;se {5, Department of Ensrgy,

20121 da

. Doyle, Generation,
8 assediatn with

vt and
Sarcetig %hai? yas ziée s

|

i.-"iEB?s‘?!

i ém, R G Withels, B, E iamgb&ii Nsiurei qaz
;}Eags ) ‘R*w E‘r’ﬁii(s\’ﬂl i %? i

fs’émagamart (haéieﬁgr; Sssoiated with E*ss Production
of Shale Gas by Hydraulic Practeing. Slemssis 7, 183
{;?O‘i.‘é}. dob:

AW SUISNORIMAG.OTG

ED_006743A_00004034-00019

o
3
&
-
=
g
ey

&
5
2
e
&

W DAL




REVIEW

& 0B Clark, 1A Well, “Produced Water Yolumes
Atk ’~<’£<Esvagsma;*t Practices in e U 15,
{Emn nee Division,

o

21, K 0. Baleopy, B & Youtheimer, Production and Disposai
of Waste Matosials frem fas and (8 Exrasiion
Karoptius Shale Flay I Penngylvania, Sdron. Pro

238 {2012} d

sty of
45 Report” uadrilla

&9, £, j, b %‘aia{, s ﬁaasci’*
Buwlangd Shale seismicity, Eym?
Resourens, B, JOLEE

70, Reatwes, “Ohie earthguabe was not & nadural avent, arial M Systers, Hort
expert savs.” Revters, 2042, 3 the bnierion, W5

71, Matbonal Aaderny of o, Inddpced Seinmicly

Eatentiol In Energy Technologies (Nationst Auademies

Pk?&s, ?ﬂa\%ﬂmgt{sr‘ 2.4 z(ﬁ?}

& nference, Dalles, ¥4, Hovember 30
ber 1, 2041,

¢TI Haves, §. Hughes,

fian nitiative (Pitisburgh, PA ”‘111

troen, Dissobved methan

in Shafe Ges Wader

72T e, “fgricoliural band ang
on Wells, Dleposal Pils
; et i OF and Gan Prodw
Bepsrbment of dgriculture, Depattmant of Matural
iss‘urc% 1985%

%, BRatbunz, ”
I

i Wast Yieginis
Qata Sesles 154, 20061

cluRi-es ConmRpitions
.5, Geslogiral Survey

P
e

ﬁ (2
. Shale vk databas X Ble thros Scknowledgmeniss BRIV, BLE, DY, and
otk rae BGF g

B8, acknosteds
1 E-1 140155,

¥3. wesuot Sciense & Techaoiogy, 32
£33, HydraDasking 3. funding for the Shale B
o, 5.1 Reaven, Watsy pollision risk asodiated

dth matural s extraction fom the Marcetlus Shele. ARk

¥4,

30 AE b JAFSN0N

HES DUDROHIAGT]

@
E
“
o
e
&
@
&
&
il
ot
e
P
&
-k
&

wwsclencerag.org  SUIERCE  wOL 340 17 MaY 2013 12350099

ED_006743A_00004034-00020



Contents fists svallable at

Marine and Petroleum Geology

journal homepags: www.slssvier.com/iocate/marpetgso

Review article

Oil and gas wells and their integrity: Implications for shale and
unconventional resource exploitation

Richard . Davies’

, Sam Almond %, Robert S, Ward ®, Robert B. Jackson*
Charlotte Adams”, Fred Worrall ¥, Lam 6. Herringshaw®, Jon G. Gluyas®
Mark A, Whitehead ”

A Durhrs Bnevgy Institugs, Depertment of Bavth Sciences, Durhin University, Sohence Lobs, Durlom DHT 318 X

® Croundwater Scihce Divectorate, Sritish Geolpglon? Survey, Keyworth, Nottingham NGI2 560, UK

2ehioed of Eurth Scienoes, Wonds Instituts for the Envirowment, and Pracsur? Institete for Enengy, Stargord University, Stombrd, £8 54308, U548

< plicholns School of the Snvivermens, [viion of Barth and Ocean Sclences, Dube University, Box SU338, 134 Science Drive, Durham, M 277080338, 1SA
*Word Hodaway, Sondgete House, 312 Caapside, Neweastle Upon Tyoe NEYIDN, UK

ARTICLE INFQ

Article history:

Recelved 8 Deermber 2013
Received in revised form

28 February 3014

Arcepted 1 March 2014
Available online 25 March 2014

Reyyonreds:
Shale
Fracking
Frdegrity
Barrier
rtmprity
Walls

ABETRACT

Pigta froms sround the world {Australia, Austria, Babrain, Brazfl, Canada, the Netherlands, Foland, the U
and the UBA} show that move than four milllion onshore hydrocarbon wells have been drilled globally,
Here we assess ol the relable datassts (25) on well barer and integrity fallure In the published Hrer
ature and online. Thess datasets include production, injection, idle and sbandoned wells, both snshore
and offshore, exploiting both conventional and uncomeentions! reservelrs, The datasels vary considersbly
i terms of the mumber of wells examined, thelr age and thelr designs, Therefore the percentage of wells
that have had some form of well barrier or integrity Rallure bs highly variable {1.8575%) Of the 8030
wls targeting the Marcellus shale inspected in Penmoyivania between 2005 and 2003, 8.3% of these have
bren reported to the authorities & infringements related to well barrier or integrity failure. In 3 separate
sty of 3533 Pennwylvanian wells monitored between 2008 and 2011, there were 85 examples of
cement or casing fallures, 4 Howouts and 2 examples of gas venting. In the Ul 2152 hvdracarhon wells
wers driiled onshove between 1903 and 2013 mainly targeting conventinnal reservedrs. UK regulations,
like those of other hurlsdictions, include reclamation of the well site after well sbandenment. As such,
there is no visible evidence of 35.2% of these well sites on the land surface todey and monitering is not
carrind put. The ownership of up to 53% of wells in the UK i undlear; we esthuate st between 59 and
100 are crphaned. OF 143 active UK wells that were producing ot the end of 2000, one has evidence of o

wrall intewrity failure,
€ 2014 The duvhors, Published by Fleevier L. This is an open sccess article under the OF BY-RC-NE
Hieenge

T Imtroduction

Some of the shallower strats may contain groundwater used for
human consumption or which supports surface water flows and

The rapid expansion of shale gas and shale off exploration and
eaploitation using hydradic facturing technigues has oreated an
energy boon: in the USA but raised questions regarding the possible
envirommental risks, such 35 the potential for groundwater
contamination {eg, | iy E Widho et sl S13) and
fugithve smissions of hydrocarbons inte the stmosphers (a4, g

Boreholes drilled o explore for and extract hydrocarbons must
penetrate shallower sivata before reaching the terget horizons,

E-mal address:

BIBA-BIFEID 08 The Authors. Publiched by Blsevier Lad, This & an open avcess article under e € BY-NO-ME Hoense {

wetland eoosystems. Although i has been routine practice o seal
wills passing through such lavers, they remain 2 potential source of
Huid miring in the sulsurface and potential contamination {
i ; This can secur for many reasons, including poor
well compdetion practices, the corrosion of steel casing, and the
deterioration of cement during preduction or after well abandon-
went. Boreheles can then become high-permeshility potential
condults for both natural and man-raade Buids {eg.
e and wvertical pressure gradients in the subsurface
can drive movernent of fuids slong these fow paths. The potential
importance of wellbore Integrity to the protection of shallow
groundwater has recently been highiighted In research papers and
reporis {e.g.
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Glonsary

BLF Billion Cublc Feet

BOM Bitlion Cubic hMstres

BROGM  Buresu de Becherches Géplogigues of Mintdres, Frangce
BOEP  Brazifian Database of Exploration and Production

LA California

{0 Carbon Dioxide

20Ty Closed-Circult Television

DECC Depantment of Erergy and Climate Change, UK

DEFRA  Depariment of Environment, Food and Rural Affairs,
UK

LR Department of Environmental Protection, USA

EiA Energy Information Administration, U84

FRCB  Energy Resources Conservation Board, Canada

EUR Estirmated Ultinate Becovery
G Gas Migration

Cold G of Mexicn

PO Intergovernmental Panel on Climate Change
Yoo Sruare Kilometres

it Metres

e Cubic BMetres
e hili-Darcies

MOCS  Morweglan Offshore Continental Shelf
MY Mew York

FA Pennsyivania

LA Petroleawm Safely Authority, Norway
RRL Ratlroad Conmmnission, Texas

WWF  Surface Casing Vent Flow

SINTEF  Morwegian Foundation for Scientific and Industrial

Research

TCF Trilkion Cubic Feat

TEM Trifkion Cublc Metres

(314 United Kingdom

RS United Ringdomn Continental Shelf

VKOG United Kingdom Onshere Geophysical Library

UMFCCL United Nations Framework Convention on Chmate
Change

s Undted States

USA United States of America

WED Water Framework Directive, Evrope

WY West Virginda

. in addition to protecting ground and surface wa-
ters, effective well sealing prevents leakage of methane and other
gases into the atmosphers, This s important a5 methane is 86 times
e effective than O at rapping heat in the atmosphere over a
2-year pericd and 34 tmes more effective over a centary {1
FAL Well barrier and integrity fallures can ocour during aﬁnim
Hng, production, or after abandorment; in rare examples, induding
in the LISA, well Emi{aqe has led w explosions at the Earth's surface
{eg §
This paper has fm&r aims: 1) to estimate the oumber of onshore
Iydrocarbon wells globally, 2) to explain hosw onshore wells are
categorised (e producing, abandoned, idle, orphaned) and what
statistical data are available on the nwmbers of wells in these
groups; 3} to document the aunber of wells that are knowen 1o have
had some form of well barrier andfor integrity faihure, placing these
mumbers in the context of other extractive industries: and 4) to
anadyse how many onshore wells i the UK can be easily acoessed to
assess for barrder and tntegrity failure, For well barrier and integrity
faflure our approach has been to include all the reliable datasets
that are available, rather than de-select any data, This inclusive
approach bas the drave-back that the data we present inchede wells
of different age, of different designs and dritled into different ge-
ology. Unsurprisingly there §s 8 significant spread in the statistics
on the percentage of wells that have well barrier or integrity falture.,

The review is largely forused on North America, 33 It has a long
history of onshore hydrocarbon drifling {including wells drilled for
shale gas and shale oil) and rhe UK, which contrasts in baving a
mature offshore deilling industry, but relatively Hode onshore dril-
fing. # maindy, bt nor exclusively, oovers static well fallure {Le.
after drilling operations are completed), and sumpnarises currently
available data for regulators, non-government prganisations, the
puhlic, and the oil and gas industry.

1.3 Barrier systems

Barriers are containment mechanisims within 2 well or at the
well head that ave designed to withstand the corrosion, pressures,

temperatures and soposure Gmes associated with the phases of

deilling, production and well abandonment. The types of barders

wsed to prevent contarmination of groundwater, surface water, soils,
rock layers and the atmosphere depend on whether the well §s for
exploration or production, but geperally Include cement, casing.
vabves and seals {Fig. 1) Barviers can be nested, 5o that 2 well has
several in place. They can be dynamic {e.g. & valve} or static {e.g.
cernent), and may or may not be aas:ly aceessible for assessment or
monitoring {soe K XN

frritting a weil for exgimmw or production is a multistage
process during which the upper parts of a borebole, once drilled,
are sealed with steel casing and cemented into place. Coment was
itroduced 1o the petroleum Industry as early as 190%, when Frank
Hill of Union O Co. poured 50 sacks of Portland cement into 2
well 1o seal off water-bearing strata P, Cementing is
now typically carried out by pumping walercement shurries
down the casing to the bottom of the hole, displacing drilling
fuids from the casing-rock and other annull, leaving a sheath of
vement o set and barden (Fg 1) The integrivy of these seals is
pressure-tested before the next stage of drilling eocurs, Only if the
well passes these pressure tests will deiiing continue, If the well
fatls the test, the casing ts re-cemented before dnilling continges,
The sizes and lengths of casing, and the depths at which different
casings are used depend upon the geology, the imporiance or
sepsitivity of the groundwater that the well penetrates, and the
purpose of the well (Fie, 1) Well completion should follow stat-
uinry regulations andfor industry best practice. When 2 well is
shandoned, cement is normeally pumped inte the production
subing fo form a cement plug o seal it Commeonly {o.g. in the UK},
the top of the weall §s welded shut.

14 Terminology

The terms well bamer fmium amd “well integrity failure’ were
differentiated by R 1 They used ‘well integrity
failure’ for cases where all well barriers fail, establishing & pathway
that enables legkaze info the swrounding environment {(eg.
groundwater, surface water, underground rock layers, soil, atme-
spherel. “Well barvier faflure” was used o refer o the faflure of
inctividual or multiple well barrders {eg. production tublng, casing,
coment) that has not resulied in 2 detectable feale into the sur
rounding environrment. The same terminology s used in this paper:
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Hydrocarbon
borshole

Figure 1. Schematic dlagram of typleal well design, showing {A) structare of an sxpleration well: and (B 2 production well. Depths e which different casings ave veed vary
acenrding to gentogy and presaure regime of Arill site, Wedl diameder exaggeraied fo show sections more leardy,

well integrity failure’ includes cases when gas or fuids are re-
ported to have leaked into soils, rock strata or the atmosphers, and
well barrier fallure’ Inclodes cases where a barrier fallure has
oreurred but there i3 oo information that indicares that fuids have
feaieed out of the well.

1.3 Rower and driving mechanisms

For a well to leak, thers must be a source of Buid { 28
breakdown of one or more well barriers, and a driving force for
finid movernent, which coudd be Suld buoyancy or excess pove
pressure due to subsurface geology (e
There are seven subsurface pathways by which leakage typically
oooars {Figs. 3 43 These pathways inchude the development of
charmels in the cement, poor removal of the wud cake that frms
during drilling, shrinkage of cement, and the potential for relatively
high cement peomeability {ey, § . There are
ather mechanisms that can operate in specific geological settings.
Reservoly compaction during production, for sxample, can cause
shear faihere in the rocks and casing above the protucing reservolr
{ B § ol 5, T route 7 marked on 4% Leaking
wells can also connect with pre-existing geological epabling
leakage to reach the surface LA Tange
of fhiids can leak, for instance formation Suids, water, oil and gas,
and they can move through or ot of the well bore by advective or
diffusive processes {28, 1, Drverpressure may
be the driving force for Huld fow {eg. the Hatfield blovw-out neay
Boneaster, UK . but hydrostatically pressured
successions can alsy feed lealing wells, with Bulds migrating due o
buoyancy and diffusion,

A leak can be catastrophic, as seen I cases such as the recent
blowout of 2 Whiting Petrolewm Corp off well {Cherry State 31-16H)
i Morth Dakota { and
rare examples of explosions in urban areas (0
or be at sufliciently low rates to be barely
fladd sources can be hydrovarbon reservolrs {o.g. Macondo, Gulf of
Mexico] non-producing permeabls formations (eg.
; conl seams {sg. poand B
and blogenic or thermogenic
ok formations {&g» it e gt P 5 .
Oif or gas emnissions can seep 0 the surface, though
Ieaking methane cary be oxidised by processes such as bacterial
sulphate reduction {e.g. Well failures
can potentizlly occor i any type of hydrocarbon borehole, whether
It is being drifled, producing hydrocarbons, Injecting Fuld o &
reservols, oF has been abandoned,

Wells can be osted at the swlace for well barrler faithere and
well integrity fatlure by determining whether or not there &
pressure in the casing at the surface. This is referved to as sustained
casing pressure {(eg. : but doss not
necessarily prove which barrier has failed or its location, Channels
ity cernent, which are potential leakage pathways, can be detected
by running detection equipment down the borehole. Migration of
fuids outside the well is established by inserting 2 probe into the
soil immediately swrrounding the well bore, or by sampling
groundwater neariy, hydravtically down-gradient of the well, Poor
cement barrers can be identified by 3 pumber of methods {2z
ultrasonic frequency detection; | 1) and can be
vepaived in some cases, using cement or pressure-activated sealants
{e.g. 13
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2. Datasets

This paper draws on & variety of datasels, mostly published, but
i some instances sourced from ondine repositories or national
databases, and follows the approach of in that
study, the risk of induced seismicity dus to hydrauhic fracturing was
reviewed, and intentionally included all datasets in the public
domain that were considered to be relable, rather than de-
selecting any data (DO { 3

fod

2

33 This inclustve approach
has a drawback because well barvier and well integrity fatlure fre-
guencies are probably specific to the geology, age of wells, and era
of well constrection (K I

3 A wide range of fathare
statistics is therefore reported, and although they are presented on
& single graph to show the spread of results {Hy this is not
intended to mply that divect comparisons between very different
datasets (e size, age of wells, geology} can be made.

The sources we used do not report thelr findings consistently
and s unclear in some cases whether well bartier failures have
fedd to foaks into groundwater, rock layers, soll or the atmosphere,

wpically 10003000 m

00

TRRErYLHY
Q8% Fone
oil o gas
resanolr
4
prowiystion
feataingg

Frgwre 2. Scheraatle diagram of typisal souies of fhad that can leak through & by-
drucarbon weil 1 -~ gas-rich formation such 35 cosl 2 - ann-producisg, g~ of ol
bearing permeable femation; 3 - biogenic or thermogenis gas In shallow aguifer and
4 ~ pif or gas Fom an ol or gas reserenic.

Figwre 3. Boutes for Fuid leak in & comented wellbore, § - bevwwen Dornent and
surrounding rock formations, 3 ~ between casing and surrcunding coment, 3 - be-
tween cement phig and casing or production tublng, 4 ~ theoagh cement plag, 5 ~
throwush the cernent between casing and rock formation, § ~ soross the cement ontside
the casing and then berween this coment and the casing, 7 - along 3 sheawed wellbore, { (b Cracks b cement {
After il this paper [

Figwee 4, Phoiographic axamples of leak pathways: {a) Corrasion of fubiog
[ : fo) Coxvosion of
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preducing & true well integrity faflure. To be as Jear a3 mszbi@s,
wiell bartier and well Integrity faflure are distinguished in L
guoting directly from the scurces uzed and, where pmmbie:,
providing additiona! information on the age of the well and when
the monitoring was carried ouk,

To lpcate hydrocarbon wells drifled onshore in the UK since
1902 {the age of the varliest well recovded by DECC), the United
Ringdom Onshore Geoplysical Library (UKOGL) map of well loca-
thons was used , conpled with sateliite imagery from
Google Earth., 4 visusl inspection and categorisation of the locatdons
was carried out o assess whether the wells have & physical pres-
ence at the surface. Pollution incident dats were provided by the
Environment Agency {England); these data were used to identify
incidents that eorurred in close prozimity o known well sites.

3. Global well freentory

A3 shale gas and ofl expleitation has been carrled out primarily
onshore to date, the global well inventory in this study reports only
the number of hydrovarbon wells drilled onshore, as this provides a
more relevant historice! context. Data in the public domalin were
used, sourced sither from published repores or from online datasets
populated by regulatory suthorities. Several comprehensive review
papers were also utilsed, particularty those aﬁﬁmssmg the gmmmsai
of OO to leak upwards throughwells (o.g, 3

A graph of wells drilled per year sinee the 19305 In Australia,
Brazifihe Netherlands, Poland, the UK and the USA shows that
some countries, such as the UK, have very modest onshore drilling
activity compared to others such as the USA{ . Historical data
1€ sparse, s¢ B s Si8cult o esthmate the tots! number of onshore
hydrocarbon wells drilled globally, butin the USA slone, atleast 2.6
rrifion wells have been drilled since 19458 (BIA database). Former
Sovlet countries such as Axerbafjan, where many thousands of
wells have been drilled, are not included in this study due o a lack
of arcess o adeguate dats, Nonetheless, taking inte consideration
those drilled only in Australiz, Austris, Bahrain, Brazil, Canada, the
Metheriands, Poland, the UK and the USA, we @mmat& there are at
least 4 million enshore hydrocarbon wells {1 h

4. el inteprity
4.1 Pennsylvaniz, [JSA

The online database collated by the Department of Environ-
mental Protection {DEP) in the US state of Peonsybvanda allows off
andf gas well records to be searched by various criteria, such as well
status, operator and drilling date, The unconventions! hydrocarbon
wells included in that database are those that were drilled to target
the Marcellus Shale Formation, From these data,

Falsde 1
Pamber of drocarbon boreholes drilled onshore in sefeciad nation states,
Coasmiyy Mumber of wells  Source
[15:4 2152
Tamada-Aleria 316450
Babrain TEG
(A 2581,783
Ausiria 1300
Retherlamds 3231
Brazil iR
Ausivatia fesiesd
Poland 052

dertved 5 Bgure of 3.4% well barrier leakage for shale gas produce
tion sies in Pennsylvania (219 viclations for 8468 wells) between
FOUE and 2013, Using the zame database, argued
that 211 (6.3%) of 3381 shale gas wells drilled in Pennsybvania m
N1 and 2012 had falled. More recently,
identified 1.58% of 3533 indbvidual wells as having some form af
barrier or integrity fallure, This consisted of 017X of wells having
experienced blowouts (4 wells), venting or gas migration {33, and
241% having experienced casing or cementing failures. Measurable
concentrations of gas were present a1 the surface for most wells
with casing or cementing viclations, + shows a breakdown of
1he 1144 environmental vislations issues for the 3833 waells,

in this study, the search criteria used t© categorise leakage in-
vidents in Pennsylvaniy followed the approach described by
and are based on code violstions reported during
site msmmnm Code violations that would constitine a well filure
are those likely to result in a significantly increased risk of con-
taminants reaching cither the surface or potable waler soumes.
They inchude: {(3) fallure 10 case and cement the well properiy; (b)
exgessive casing seat pressure; (o) fathure 00 case and cernent sufe
ficlently 1o prevent migrations into fresh groundwater; and {4
insufficiert cernent and steel castigs between the wellbore and the
near-surface agquifer to prevent seepage of fulds. Using the Peon-
sylvania state database, 2 well barrler or integrity fallure rate of
6.3% iz identified for the years 20052013, This includes fallures
noted i inspection reports that were not recorded as a vielaton,
following the methodology of L Withent incheding
these reports, the fallure rate would be 5% ‘l‘hm is bigher than the
34% well leakage fgure reported by 3 for the
period 20082013, and <dose to the well fallure ate of 2% re-
ported iy |

4.2, Gulf of Mezico, USA

Bata froms the US Minerals Management Service show that, of
15500 producing, shut in and temporanily abandoned wells in the

Yoar

Figure 5. Number of wells deilled annually since the 19309 in Australia, Brazil, Netherlands, Poland, the UK and the USA, Sources: |
Survey of the Netherlands; Brazil Database of Exploration and Production [BDEP); BIA, .
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magm tareed apllin

Figure 6. Breakdown of 1149 notices of viclations from 3533 wells in Peonaylvasia
Fromn 2008 1o 2011 (aftey Red ford indicates thuse related o wedl
barrier and integnty faiture, (For Dterpretytion of the references o cobvur by this fgure
legend, the reader is refersed 10 the web version of tis st}

ouster continental shelf of the Gulf of Mexicn, 6892 (43X} have
suswmmﬁ casing pressure on at least one casing anrushus ¢
1) Of these incidents, 421% occurred in the pmeiuctmm
mrmgs, 26.2% in the surface casing, 18.3% in the interimediate cas-
ing, aned 10.4% in the conductor plpe.

43 Offshare Naorway

1 exarined 406 wells at 12 Norweglan
x}ﬁshm fmimes u;}mataé by 7 companies, Thelr dataset included
producing and injection wells, but not plogged and abandoned
wells, OF the 4068 wells they examined, 73 {18%) had well barrier

issues. There were 15 different types of barrier that falled, many of

thern mechanical {Fig. 7Y, including the annulos safety valve, casing,
rernent and wellhead, Issues with cement aceounted for 118 of the
fatlures, whilst issues with tubing avoounted for 39% of fallares.
The PS4 has alse performed analyses of barrier fattores and well
integrity on the Morwegian continental shelf s analysis showed
that, in 2008, 24% of 1677 walls were reported to bave well barvier
fallures: in 2009, 24% of 1712 wells had well barrier ilures; and in
2006, 26% of 1741 wells had well barrier failures. It is unclear
whether the same wells were tested in successive years or whether
surveys targeted different wells (W . & study of 217 wells
m 8 offshore fields was alo carried out by SINTEF {sep W
% Between 11% and 73% of wells had some form of barmr
fafhure, with injectors 3 to 3 thmes more Hiely 1o Bl than producers

A the 20th Drifling Conference in Kristiansand, Norway, in 3007,
Sratoil gﬁmsemmﬁ an internal company survey of offshore well
inbegriby 3, This analysis showed that 205 of 711 wells
had integrity faflures, issues, or ancertainties { 1% When
subdivided into production and  injection weiﬁs the survey
conchuded that 17% of 526 production wells and 28% of 185 injec-
tinn wells had well barrier faflures,

44, Onshore Netherlands

The results of an inspection project carried oput by the &mm
Supawzsmm of Mines Metherlands were also veported by ¥
. Their inspections, carried ont in 2008, included amiy 31
w&il& from a total of 1349 development wells from 10 operating
companies, OF those wells, 135 (4 of 31) had well barrier problems;
by weell type, problems were identified in 4% of the production wells
{1 of 268} and B0% of the injection wells {3 of 5},

4.5, Offshore and onshore UK

For offshore wells on the URCS, Burton [2005) found that 0% of
5137 wells {operated by 18 companies) had been shut-in (valves at
the well head closed) duripg the last five years a5 2 result of
structural integrity issues’. The total number of wells drilled on the
LKER is 9196 exploration boreholes that did not make commercial
discoveries were not inciuded in the Burton {(2005) study.

Cmshore, 2152 hydrocarbon wells have been drifled in the UK
between 1902 and 2013, Although the enshore sedimentary suc-
cession is not thought to be overpressured, bydrocarbons could still
migrate upwards because of thelr buoyancy relative to pore water
or the fuid in 2 borehole (2.9, the Hatfleld blow-out near Doncaster,
LI W 33, Pollution incident date were reviewed for all
umdems mpan&ﬁ within T ko of wells In England beoween 2001
and 2003 (the only thme period for which data are available). These
data were Blteved Bor those indicating 2 release of cude ofl to the
envirpnment. These incidents wers described as pipe Bilures above
or below ground and could be related to the well or pipelines
connected o the wells, To act a3 a control to this data, pollution
fncidents within 2 3 kon radius of the well were also sxamined 1o
assess whether thers was 2 broader issue of hydrocarbon pollution
incidents thet should be considered and taken lnto accpunt.

The munber of wells sctive prior o the period covered by the
polhution records was also calvulated. Based on data provided by
DRCC, 143 onshore o and gas wells were producing at the start of
the year 2000, Between 2000 and 2003, the Environment Agency
records nine poliution incidents imvolving the release of crude il
weithin 1 ko of an off or gas well {1 + The records are not
clear as w0 whether the incidents were due o well integrity failure,
probiemns with pipework lnked to the weldl, or other non-well
related issues. In February 2084, therefore, the present-day opera-
tors of the wells at which the nine events scoorred were contacted
{Perenco, Kas, and Humbly Srove Encrgy Lid.} The two pollution
incidents at the Singleton O Fledd (now operated by 1Gas but
nperated by a different company when the incidents ocourred)
pcourred o the early 19805, and were caused by fatlure of coment

SR8

354

g

B4

2450

108
fypes of barripr fallung s

%, of the wells with barrier lallures

Figure 7, Causes of barvier fdhuras for the 75 (of 408) production and infection wells
sarveyed o offshore Norway that showed evidence for such fatbures (fom
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Fable 2
Sources of data reporting well barrier and well integrity fallures.

245

Country Hegion Welt losathor Status Completion date Well type Wall nurmbers Fatlure statistios CGrgandsation
LI5A P& % ¥ X X ¥ ¥
Texgas X X X x X
Alabama 4 % b4 b4 X
Bhewr York % X ® X X
Forkda S ¥ X x ¥
Reorth Dakota X x ® x X &
W, Wirginia X * X x X k4
1K Mational % X X X
Canada Alberia % ¥ x X ¥ ®
Austratba blational X x ¥ x X
Franee Pationad k4 X b4 b4
Metheriynds Migtional X b4 X 4 4
Braeil Mational b ¥ X ¥
Morway {offshore) Mational ® ® 4
Postand Mational X ¥ # #

behind the conductor and the 9 5/8-inch vasing, This was identified
as & result of five groundwater monitoring borsholes Installed at
the Shngleton O Field in 1983, The leak was fromn the well cellar
{vement Hoed cavity in which the well head sits} via the pre-
installed conductor and the 8 5/8-inch casing, both of which
appear net 1o have been adeguately remented in-sits in at lesst one
well, & therough investigation commenced in 1897, including the
dritiing of a number £ 11) of additional boreholes, and the carrving
ot of tracer tests and COTV examination under the auspices of, and
in consultation with, the UK Frwironment Agency. The leak paths,
gnve dentified and verified, were remediated. Monitoring has
continued since that tme and the observed pollution levels have
remained below those set by the Environment Agency a8 requiring
further action,

The other seven pollution incldents recorded by the Environ-
ment Agency between 2000 and 2013 were not caused by well
integrity fallure, but due 1o leaks from pipework Honked to the well
No invidents were reported at the other well sites in the UK that
were inactive or abandoned.

For context, it should e noted that there ave natursl, high
permealility peclogical pathways for the migration of buovant
fluids, which are typleally associated with structural features such
ax faults and folds & 3 Geas and off are naturally mobile in
the UK submeface: arcund 300 natural bydrocarbon seeps, malnly
of oif, are known from the onshere UK and some have been used to
inftiate Incalized exploitation { 21 A small mmber
of natwral gas seeps from shales w&m remmezi by Betley
with notable sccurrences In the Weald Basin of south-ast Eﬂgimﬁ

{

4.5, Summary of well borrier and integrity foffure

For the countries Heted { 1}, publicly available data were
tabulated on well type, well location, completion date, well stafus,
numiber of wells drilled and whether well barriers and integrity
failures had ocourred (Tabie 2) Tebulation of alf published and
ouline data on well barrler and integrity failure ¢
shows substantial variability i the number of wells that have
experienced both categories of faflure. This probably relfates 1o the
fact that the sizes of the datasets are varlable; the Inchuded wells
were drilled over 5 period of move then 2 century, using different
well designs and techoology, were targeting uronventional and
conventional bydrocarbons; and were drilled in diverse geological
settings. The most recent dataser from the Marcelug Shale (Peon-
syivaniz, USAL which includes several thousamd waiia has some of
the Jowest well barrier aned fatlure rates { :

been careful to provide the exact wonding from the published
source a8 to the nature of the fstlure, and to discriminate between
well barrder and well iIntegrity failures,

5. Crphaned, abandoned sr idle wells
5% Definitions

The terms ‘abandoned’, idle’ and ‘orpbaned’ are used fo
describe the state of 2 well that did not locate economis hydroe
carbons or & well 2t the end of Bs production Wecyels, The USA bas
the rnost established and comprehensive delinitions of such terms,
aithough thelr meaning can vary at state and federsl levels,

& review of the varlous state regulatory practices regarding idle
wels in the USA was conducted by nick defined idie
wells as those net currently being used for production or injection,
but which hav 1L yet b&&n phuzeed and abmd@mxi I California,
and defined idie
wails as those that have been non-producing and non-injecting for
shx consecutive months.

in the USA, the definition of an orphaned well depends largely
o5t the state regulatory body, b defined orphaned
walls as those in which the mwzamr haa; gone ot of business oris
insolvent, such that the company that operated the well &
onger vesponsibde for it Based on Californian pracrives, Hs
defined orphaned wells as those where the &pemmr is
daﬁmﬂ: or where the state regidatory body has determined, based
on certain criteria, that 2 well is orphaned. Such oriverls include a
well having been idle for 25 years or more, without being in
compliance with idle well reguirersents. In Texas, the off and gas
regulatory body ~ the REL — defines orphaned wells 25 those which
bave, without peromdl, been inactive for a year or more. In Pean-
sylvania, 2 1992 amendment to the 1884 08 and Cas Act defined an
prphaned well as one which was abandoned prior to April 1985,
swhich has not been operated by the present owner, and for which
the present owner has revsived no scopomic benefit. For the UK
data in this study, we follow the definiden of , 3 and
use ‘orphened’ to describe wells where the operalor is no longer
sedvent.

# LsA

Thirty-two LS states have reported dats on orphaned ofl and gas
wells { 3 Fifteen of these states account for around
330,000 orphaned wells In total, with ~53,000 of these wells
targeted for plugging . The states vary greatly in how they
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TFalde 3
Compilation of published statistics on well barvier and well integrity failure, inchuding information on well age, mimther of wells Inchided in study, well location, and fer-
nadnniory used o desoribe nature of well Barrier or integrity fallures,

Cosmtey Location ey, Wedls studied % Wells with barrier  Additional heformation Pubdished souree
faibure or well
integrity failure
1I5A CMSHORE Operational wells in the 53 % Well Integrity fadlures. Leakage based
Santa Pe Springs Qilfield {discovered or the ‘observation of gas bubbles
~ 581, Californde, US4 sepping to the surfare along well
casing.
HIBA OMSHORE Ann Mag Fledd, South Texas, 1% 61 Welle deitled 19882011, Well barrier
LSA {wells deilled 19083011} faitures mainly in chale zoges.
1SA OFFSMORE Culf of Menicn {wells drilled 15,508 43 Wedls driliad ~ 19732003, Barrier
o FEFIHESS fatbure, 26.2% in surface casing.
Cffshore CFPSHORE Norway, 8 Cunepaties. 143 38 Welle drilled 1970~2011, Well integrity
Morway  sbandoned Welle Deeells drifled 1870 wnd barrier fathure, R wells with lifeely
~311Y fearfe e surefase.
Thins CIMSHIRE Kererd Resevelr, China {dates 1660 A3 Well barrier fallure
unbrem }
Ching OMNSHORE Gudan Reeevodr, Ching (wells 3461 304 Wells drilled 19781999, Barrier fuflore
drilied 19781963} i nil-bearing laver.
Cfstuore OIFSHORE Narway, 8 Fields (dates 217 5 Wells monitored 19983007, Well
Morway  unknown) integrity and barrier fatlure, 32% leake
acgurred at wel head,
Camada OMSHORE Saskatchewan, Canada (dates 435 22 Wells monitored 19871893, Well
SR integrity fadlure: SOVF and GM
Offshure OFFSHORE Internal Audit, Loratien ¥ il Barrier faihire
Morway  Unknown {daves uokoows)
Offshore DFFSHORE Morway, 12 Offshore S06 18 Shfels deilfed 19772006, Well Integrity
Worway  Facilities {wells drilled 15773008} s barcier faflure, 1% had well hoad
fatture.
hina ONSHORE Daging Feld, China (wells HRE0 163 Wedls drifled ~ 19801999, Barrier
driiled ~ JREI~1599) Failure
Balrain GMBHORE Batirabe (wells deitled 31333 TRG 13.1 Wells drifled 19322004, Failure of
R} surfave casing with some eaks
aaprface
Wethedands ONHORE Metherlands {dates 33 13 Barrier faffure
sershcnearee
LK CFFSHORE UK Continental Shelf {dates G137 14 Wwiedt integrity and bamder fallure. Hurton {2005)
snknown}
EiRs CNSHORE Marcelius Shale, BHIG 836 Well repovts 20052013, Well iotegrity  This study
Pennsyivania, USA Dwells drilled 1958 aind Barrier Gailore, 1.27% leak to
~ 13y surface.
Chira OMSHORE Gunan Beservodr, China 133 5.3 Barrier fatlure
{dates unkaown}
LISA CRNSHORE Matinswits Gas Stovage BUBS 6.3 Weds dritied < 19651008, Well
Fackiities { < 1O65-1988) gty and barrier fyibure.
{hima CMSHORE Hetan Beservodr, China 125 5.5 Barrber faifnee
{ehates wmbrirwin)
LEsA CNSHIORE Barcelfus Shale, S50 48 Wedls drifted 20002012 Well barrier
Peonsyheania, LA Dwells drilled 2040 angd integrity fathre,
~FH1R)
Canatha ONSHORE Alberta, Vanada Dwells drilled 315438 46 Wells drilled 153102004, Monitonsd
19183004} TUTG--2004, Well integrity fafture; SOV
and Ghi
indonesia  OMAOFFSHORE Malaces Strait (wells 184 43 Wells drilled ~ 15802004 Both well
dhribed ~ TORO— 2004} ntegrity and barrier fathires. Further
41.4% of wele kentified as bigh risk of
faflure,
LSS CNSHORE Peunsylvania, USA (wells BAGE 34 weedls delthed 200853012, Well integry
drifled 20082013 and barrier issues, Leak to surface in
024X wells.
Ching LRISHORE Kenll Resevoir, China (dates 173 8 Barrier failure
unknowi)
SA ONSHORE Marceling Shals, 3533 258 Wells drilled 2008207 1. Well integrity
Pennsyboanta, USA (wells deilled 2008 and barrier faflore
311}
IS4 ORSHORE Matlonwide COSMatural Gas &7 1.3 Well integrity failure, Described as

Storage Facilities {dates wkmowin)

significant gas loss,
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treat wells for which they have no data, Twe decades age, the U5
EPA estimnated that there were at le sst 1.2 millon shandoned ol
and wag wells in the United States { “iommore than 200,000
of these wells appear to be unplugged

Az the first state to produce off commercially in the USA
Penmsyivania Hlustrates the diffioulty in characterizing abandoned
and orphaned wells, The state bas seen armund 325,000 to 400,000
il and gas wells deilled sinee 1859, As of 3090, the Pennsylvania
Departmernt of Environmnenial Protection (DEP} reported BE23 ol
and gas wells targeted for plogging (¥ L The PA DEP alsn
reported more then 100,000 orphaned wells, but the precise loca~
tion and depth of most of these was ynidentified, The number of
orphaned wells in Pennsylvania is probably cdoser to 180,000, being
the difference between the conservative estimade of ~ 325,000
wells drilled in the state and the ~ 40,000 wells listed in the PA
DEP database. These wells are mostly & legacy of the first 75100
years of ol and gas drifling, before record keeping was comingn-
place. Inv fact, the sarfiest repulations om well plugging were
designed to stop water entering hydrocarbon wels, partioularly
during floods, rather than to isolate of! and gas from the
environment,

Lost wells represent a different classHication to abandoned or
orphaned wells. Siates in the USA report that somewhers between
228000 and LOGDOOO ol and gas wells were drilled prior o 8
formal regulatory system, most of which have no information
avallable In state databases {§ 23, A Wew York state report
frs 1954 estimated that, of the 61000 ol and g weEB i
date, ne records existed for 30,000 of them
to these as ‘forgotten’ rather than abandoned or @mhamd wells,

The growing number of unplugged wells in New York State -
fusizates the diffioulty of keeping remediation lovels commensu-
rate with the nurnber of wells being drilled and abangdoned
33 Up to 2000, & ootal of ~ 75,000 off and gas wells had izaen
efm ted in the state. Bleven thousand wells were mz amv
fime, leaving 64,000 absndoned” wells {after %
thess, 15,900 had been plugged bt AR000 remained unplugged;
thus only 25% of the sbendoned wells in 2010 had been plugged,
down from 27% in 1994, More importantly, the number of un-
plugped wells had groven by 13,000 since 1994, when 35,000 such
wells existed 33 This demonstrates that, In st least
some regions, me piuggmg of abandoned wells Is nog keeplng pace
sfth the rate at which wells are belng shandoned.

Some states have aggressive programmnes for plugging aban-
doned off and gas wells, Texas has one of the most ambitious,
having phugeed 7 wells betwesn 1997 and 2008 a8 3 cost of
~$80 million ( 3. Cwverall, US states spent ~ 8318
moitlion in recent decades o plug and remediate ~ 72000 ol and
gas wells, at an average cost of ~ 34500 per well, Based on that wnit
ook, plugging 150,000 more wells would reguire 5688 million, and
plugging alf 330,000 wells esthmated in wotdd cost $1.43
Difion, In 2008, the combined halance available in all US state fmds
for plugging wells was ~52.8 million, many orders of magnitde
less than that required to finish the lob (8 . :

AR

frs the UK 2 total of 2152 hydrocarbon wells were drilled onshore
between 1902 and 3013, with g peak in dellling activity during
World War i Approvimately 1000 were drilled by com-
pardes that still exist. Approximately 1050 were drilled by com-
panies that were subject to takeovers o mergers. For example, 543
wells were drilled by the DArcy ocompany, mainly bebween 1841
and 1951 and PArcy i3 noe longer operating,

We extimate thet between 50 and 100 of the 2152 wells were
drifled by companies that no longer exist and were not bought or

raerged. In the USA such wells are termed orphaned wells, Where
the company that drilled the well no longer exists, or bas been
taken over or merged (up to 53% of UK wells), Habitity for any well
integrity fathures that lead to polhstion is unclear; In sorne cases it
may be that of the landewner, Even i 2 chain of ownership through
aegquisition of prior Ycensees can be idemtified, the position is Hiely
o be moTe complex a3 the legal roechanism wsed for the soguisition
mmay not be known, i soree instances, it is possible that 2 company
was purchased for its assets and the Hahilities were left with the
original entity.

A5 7 case study, one of the 2152 wells listed by DECC was
sxamined {7 i) Drifled in Sundertand in 2003, the well targeted
coasl mine gas. In February 2014 the company that drilled the well
was contacted to confirm the status of the well a5 either shbandoned
ot temporarily abandoned {suspended), Mo gas had been produced
due to slevated water levels and the well was temporarily abag-
dened (suspended) in 2002, pending transfer of ownership oo the
Coal Authority, for water level monitoring or abandonmment. The
surrounding land has since been acquired by developers and is
pusrently (Pebruary 2014} the site of 2 new residential housing
estate. As of February 2004, the well is now belng abandoned
{BBEL, pers. COTTHIL L

N

?

Agtiea Wall

a Well Integrity
Fatlure

=1 Wall Pad
Pollution
Incident

{riot releted to
wall intagrity}

Fleare & {2} UK map showing locations of welle acthve i 1999 and crude off dis-
charges (k) Coincldence of pollution reports with well pads in the Wytch Farm 3ies,
suuthern England,
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hany wells have been drilled in arsas where there are highly
productive aguifers { iia) and there is & good spatial corre-
spondence between potential shale reservoirs and highly produc-
thve aguifers (¥ 2} Inv the USA, many shale gas wells have also
been drilled where there are active aguifers i

7.5 Surface Mentification of wells in the K

A surface identificarion stody of the 2152 UK onshore hydro-
carbon wells was carried out. 128 wells were not included because:
{a} the wells were younger than the gvatlable satellite Imagery and
5o eoubd not be located using this method {114 wellsh, (b)) the wells

R] Davies e ol / Marine and Petralewm Gevlogy 56 (204} 233254

present on the URKDGL map (5 wells); or {0} the wells were listed as
‘offshore’ in the DECC snshore well database (9 wellx).
The remaining 2024 wells were categorised as follows:

a. Tleared ares of land present, consistent with site being used as
well pad: machinery present and site apparently in use;

b, Indications that well had once been present on site, but dearly
niot active,

¢ No well pad or machinery visible; no indication that well had
gyver heen present on site;

O the well aites included in our study { % 33.7% were

clearty visible (Le. the well pad and assoviated equipment could he

were Hated in the onshore well database { ) but weere not
)
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Talble 4

Estimated numbers of srphan
Teast 1000 orphansd wells
arphaned wells,

i aneel gas walls for sach U5, siate reporting af
Thirty-twee of 55 states reported data on

Siate Crphaned o8 or gas wells Crphaned wells targeted
by state for plugging
Penspsyivanis 183000 RE23
Mew York 44500 4500
Bansag 30000 BHG0
Kenmtucky 14,880 BR800
dahoma 100 1G85
je BR00 G234
Teras TREE 7333
Tennesses 453 53
West Yirginia 309 1385
Hitinais kYt 3756
Indiana 3000 56
Louisiang X783 3793
[GtEtviiig 0 R0
South Daknta 1308 P
{alifornia FEHHE 181
Total FAnA0 33,188
seen: Pz i3al, 5.5% showed evidence of prior on-site deilling ac-

vty wzthmt the current presence of drilling production, drilling
&qmpmem or @ well head 3, andd 65.2% were aot visible

; ) For 13% of sites it was unclear az to whether a well pad
existed, These sites mainly comprise industrial locations where it
could not be determined visually whether the infrastructurs pre-
sent was related to 3 well site, It s likely that the reaseon that 65.2%
of wells are not visible ix that UK regulations state that, after
ahandonment, the well should be sealed and oot and the land
reclaimed,

$. Desrussinn

To provide contet for the statistics on well barrier fatlure
reviewed above, comparative data are reported from other indis-
trial processes, primarily mining in the UK and geothermal energy
ahstraction The number of wells that may be requirved 1o produce
shale gas is also considered,

8.1 Cool mining

'Z‘hew are estem&t&eﬁ 10 be ~ 256,000 lost mindng shafts in the UK
and many coal exploration boreholes.
During mine operation, the potential for oross-contamination be-
tween mined coal hovizons and overlying potable aguifers is rela-
tively low due 1o the fact that mine workings are dewatered {often
at & regiomal scale, comprizing several interconnected pifs) o
farilitate access by the workforce. However, following mine

180

shandonment and the cessation of dewatering, groundwater
rebound  occurs over 1020 vears and bas the potential to
contamingte everlying aguifers. This process is driven by the hy
draulic head in the coal workings exvesding that of the averlying
acpifer . In porthern England, cessation of
purnping for mine dewatering in part of the Durham Costfield led to
poliution of the overlying Magnesian Limestone aguifer, used for
public water supply. 45 2 consequence, this led to the aquifer filing
an U Water Framework Directive (WD environmental objective
for groundwater guality { . More roadly, the
009 River Basin Mansgement Plans, reguired as part of the
nplementation of the EU WD, reporied that 34 out of 304
grovndwater bodies in England and Wales had falled ‘good’ status
environmental oblectives due to groundwater poliution by rising
waters following mine abandonment {including coal and metal
minest In some areas, abandoned mine workings also Bberats
methane, and emisstonz from abandoned UK coal mines wers
estimated to ke ~14 million m¥ of methane in 2008

82, Geothermal energy

Environmental concerns  loked o the suploitation of
geothermal energy include the mobilisation of contaminants from
the surrounding rock that could lead to the contamination of
agifers by geothermal fluids. In the Balcova Geothermal Field in
Torkey, there has been thermal and chemical contamdnation of the
overtying aguifer by elements such as arsenic, antimony and bovon,
recommended that regular inspection and
mAHnEnance uf geothermal wells should be carried out
i characterised peothermal foudds and
investigated the possible sources of well barrier and integrity fail-
ure and the potential for contamination, Based on their analysis,
they proposed a methodologlesl Bamework for  idemifving
groundwater  contaminstion  from  geothermal  energy  de-
velopments. Possible sources of well barrier and integrity ilure of
geothermal wells inchude loading from the surrounding rock for-
mation, mechanion! demege during well development, corrosion
and scaling fom geothermal fuids, thermal stress memi fatigue
and fatlure, and expansion of entrapped fuids {

The mixing of deep geothermal Duids with shallow gmundwam
ters can ocour via natural mechanisms, such a5 natural upward Buid
convection along fault Hnex (eg. within the Lardersilo geothermal
field, Italy; and by anthropoyenic activithes,
inchuding wocontrolled discharges to surface waters, faully Injec-
thon procedures (e.g. Los Azufres, Mexico 3
and accelerated upward seepage from falled casings within wells
and boreholes, Casing fiberes related to Inconsistencles in casing
cementation bave been cited as one common cause of fallme
S, The majer faflures of several geothermal wells on
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Figurs 1. Graph showing vumber of hydrocarbon wells drilled in UK per year,
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naw housin

Figure 15 Case study of gas exploration well abandonment in Sunderland, UK: {a) Map of the UK (b) location of Sunderland; (¢ location of pew Bousing estate; () photograph of
temporarily atandoned {sospended) mine gas explration ixoehod on boilding site of new housing estate (Grid Ref, 430360 S57430). Well was completed in 3002 to 2 depth of

465 .

the island of Milos, Greece, were attributed to thermal stresses on
tha weii e:a&mg that were exacerhated by poor cementation
3% There is litthe poublished literature on fallure rates
of geothermal wells, and faflure rates are expected o vary due to
the wide range of geological settings from which geothermal en-
ergy can be exploited, with volcanically active reglons carrying
higher kevels of risk than more ectouically guiescent regions,

83 Number of wells for shale zos exploitetion

The nureber of wells that could be drifled to exploit shale gas in
Furope depends on various factors, including geological conditions,
secial acceptance and economics. Based on data from shale gas
plays in the USA, the estimated uliimate recovery {EUR) of 2 shale
gas well varies fromn 14 BOF (00382 BOM) to 5.5 BCF (D185 BOM)
3. I stinilar recoveries are assumed for
w&lh in Buropean shale plays, betwesn 189 and 714 weells would be
required for every 1 TCF (G028 TOM) of total production. In

comparison, it has been caloulaed {Gluyas ef al, unpublished data)
that comventional gas wells in the Rothegend, which is a gas-
bearing sandstone reservodr in the Southern North Sea, have ELURs
of between 1 angd 100 tdmes more gas per well

84 Shole exploitation and water contamination

As shale ressrveirs have very low permeabililty compared to
mnwzmimaﬂ sandstone or carbonate reservolirs (typically between
28 « 109 and 883 x W miy , fluid
movernent theough and from shales is Eﬁkaﬂy 0 %3& extramaly show,
Therefors the potential for shales at depth to be the source of
pollntants in the near-surface spvironment uoder natural condi-
tions is Jove. Geological dmescales wonld be reguired for significant
wiantities of hydrocarbons to migrate from a shale reservolr that
has not been artificially bydraubically fractured.

The drilling of wells to access gas-bearing shales roguites the
penetration of geological formations tlose to the surface that will
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Figure 1. {a) Map of UK showing lncation of onshore wells dritled for sxploration or production and productive aguifers. () Map of UR showing location of potential shale gas and
il reserveirs and produstive aguifers. Aguifer base map repeaduced with the permission of the Sritish Cenlogical Survey, PNERS, A1 rights Reserved,

often contain freshwater, Where there is sufficlent permeability
and storage capacity, these formations will form aguifers 3

that may be explofied for drinking water or industrisi uses, such as
agriculture, Even where aguifers are not currently oiilised, they
have the potential o he, and therefore require protection. Consid-
eration also needs to be given to protecting groundwaber that
supports base fow to rivers and wetland ecosystems, Protertion s
achieved through praventing hazardous pollutants or Bmiddng non-
hazardous

poliutants  entering  groundwater
Of the 3152 hydrocarbon wells drilled § in the
UK, the well heads of 428 (203) of these are Icated ahove highly
productive aquifers (Hkely o be exploited for public water supply)
and 3 further 535 (25%) are above moderately productive aguifers,
likely to 'B}a e faited for both public and private drinking water
supplies

Table 5
Statictics on vistbility and accessibility of UK onshore wells,
Muniber of wells Percentage
{out of total of 3024
invtoaded in study)
Yiaitm £82 3378
ot visible 1318 55,37
{Unrlear 23 114
Mumber of Wells Persentage
w0 Wisitle Slveg
On active sites 636 30593
Noreacthweformssf 112 5583
dereliet sites
Hrban 15% hE:::S
Urban/built aver 182 B

Evidence from conventional hydrocarbon fields shows that hy-
draulic fracturing dus to the infection of Quids can, in very excep-
tonal cironmstances, lead  fracture propagatios o the surfaoe or
near-surface, i i tales place at relatively shallow depths. In the
Tordis Field of offshore Norway, for example, the sverage rate of
water infecton was 7000 m® day? for 55 months (etal
velume = ~ L5000 m) Fydravlic fractures propagated from a
depth of ~ 900 m fo the surfsce through Cenozole (Tertiary) strata,
The vebeme of fuld used in these operations, however, was more
than 120 dmes greater than that typically used for hydraulic frace
ture stages in shale gas reservoirs and took place over 3 thme period
hundreds of tmes longer, There are several factors i shale Gacking
operations, inchuding the relatively low volumes of fuld and the
short pumping tmes mat maka the upward propagation of very tall
fractures unitkely { . To date, water contamina-
thon caused divectly by the u;}warei ropagation of hyvdranlic frac-
s yemaing unproves { . aithough the possibility
cannot be totally ruled o

As argued by and poor well
integrity is a far move Hkely cause of elevated concentrations of
thermogenic methane in shallow groundwater and water suppliss
than pathways induced solely by hydraulic fracturing. Examples of
leaks in Sh&?& gas wells have been reported and fines imposed

&5, hmplications and recommendotions

A5 with our study, addrassed statistics on
weell barrier and integrity failure, The;ey corspared the data with that
of other poliuting activities in the USA, such as storage tanks, septic
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Figurs 13, Examples of wells locations takey frors UKOCL inaged with Google Barth,
Hustrating range of surface manifestations of UK onshere wells: {a} cheared ares of
and with appeatance of being 2 muintaioed wedl pad: (b} dheared area of land with
appearance of poorly maintained and potentially disused wedl pad. (¢} Location of well
drifting i which no well pad or sachinery 5 visihle,

tanks and landfills, and made the point that the number of reports
of pofluton from ofl and gas wells was inslgnificant in comparison.
Meyvertheless, for the more than 4 million wells drifled in Australia,
Sustria, Babrain, Brazil, Canada, Netherlands, Poland, UK and LISA
alone, there {s scarce published or online dats on well integrity or

Tabie &
Estimated Ultlnate Beoovery (FUR) for 5 shale gas provinoes i the USA {frore

Shale phay FUR after 30 years {BCRG.028 BOM}
Barneit 38
Fayettevilie B4
Wondind 1.7
Haynesville 3.8
Eagle Ford 3.8

barrier failure. Improved monitoring is cruclal for a better under
standing of chances of bydrocarbon well barrier and integrity fail-
ure and the impact of this. There are examples of good practice. The
DEP database for Pennsyivania, USA, was used by
b carry owl 2 detelled breakdewn of the types of well in-
frmg&mmt& and their severity, The Alberta Energy Resources Board
{FROB) database of wall integrity fatlure for 316,439 wells repornted
by indusery dating back o 1910 is not in the public domaln, but the
data surnmary s avatlable (Watsn 1 In Alberta
wells are checked for well integy m,; and barrier failure within 60
days of the drill rig being removedd (Wat

in the UK there have been g smail m.amhe; {35’ ;&pam:d puiﬁumm
incidents associated with active wells and none with inactive
abandoned wells, This could therefore indicate that poltution is not
a comunon event, but one should bear in ming that wonitoring of
abandoned wells doss not take place in the UK {or any other
jurtsdiction that we koow of) and less visible pollutants such as
methane leaks are unlikely o be reported, It is possible that well
integrity fallure may be more widespread than the presemly
Hmited data show. Surveying the soils above abandonsd wel sites
world help establish i this s the case. In terms of monktoring,
abandoned wells could be checked 3--3 months after cement
plugging for sustained casing pressure and gas migration. Jf the
well has no evidence for barrier or integrity fallure, it could be our
andd buried as per regulstions. Soils above well sites could be
monitored every 5 years for emissions that are above a pre-
determinesd statutory Jevel, As there are 2152 wells in UK at present,
only 430 would need to be checked each vear. Monitoring could be
intensified or scaled down based upon the results of the frst
complete survey. Monitoring 2 proportion of future abandoned
shale gas and off wells should alse be feasible. & mechanism may
need to be established in the UK andfor Europe 1o fund repalrs on
grphaned wells, and an ownership or Hability survey of existing
wedls would be timely.

8. Conclusions

Well barrier and infegrity fathsre i3 a2 reasonably  well
documented problem for conventional ydrocarbon extraction
and the data we report show that it is an hmportant issue for un-
conventional gas wells as well It is apparent, however, that few
dats exist in the public domain for the faiture rates of pnshore wells
in Furope. It is also unclear which of the datasets used in this study
will be the most appropriaie analogues for weell barrler and integ-
rity fatbure rates at shale gas production sites in the UK and Burope.
Cnly 2 wells in the LI have recorded well integrity faiture {Hatfeld
Biowout and Singleton O Field) bur this Sgure is based only on
data that were publicly avallable or accessible through UK Envi-
yomrnent Agency and only out of the minority of LB wells which
were active, To the best of our knowledge and in Bne with othey
jurisdictions (e.g. Alberis, Canada} abandoned wells in the UK are
sealed with cemtent, cut below the surface and buried, but are not
subseruently monitored, This mumber is therefore lkely (o be an
underestimate of the actual munber of wells that have experienced
integrity faibure, & mwch dghter constraint on the risks and npacts
weould be obtainable if systematic, Jong-term monitoring data for
both active and abandoned well sites were in the public domaln, it
is lkely that well bamier faile will ooour in 8 small number of
wells and this could in some instances lead 1o some form of envi-
ronmental contamination, Purthermwore, ¥ is Hkely that, in the
furture, sorme wells in the UK and Europe will become orphaned. It s
imporiant therefore that the appropriate financial and monitoring
processes are in place, particularly after well abandonment, so that
tegacy issues associated with the drilling of wells for shale gas and
oil are minimised.
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Crude off paliution incidents within T ke of 142 well pads active In UK at start of year 2000,

Erviremmental inpact

Esent ri. Date reported L. i, Canise Thuee s vl dntengrity A L Water
Taifure (YR
SRIDNE 1804523012 5110415 ~ 1008848 Plge Fallure sbove ground M Mo bnpaet o By Srnageact
BaB44% GRITZIINGE 583128 .7 A3AG03G Cither Y Mo gt o Bnpact hiinor
BEZGAE DRIOGIZ009 SH.92438 L FEIRA08S Other ¥ Moy inngact i Imvpact hinor
137852 IR 200 B0BEH674 ~FLERERIZ Hecidental spiflage 4 P Bpact o Impset Mo fnpact
BIRIRY 14120 BOESH55 3880591 Pips fafhure below ground M hinor kinor R Bysageact
157014 [ty SO.86737 ~ 2 LB TEGE Coniret syeten fatlure B Mo bt Mo bmpact Biinor
138317 RERI003 SO.87028 A BINTT Pipe fllure ahove ground B o fmpact R Tmpact P mipact
4RBE5E1 IRREI2006 SO87135 - DREEEET P fatfure above ground B P Tnpact Mo Impact Mo Impact
®iT7 7 B R001 5368438 ~ 1 BRIBITH Fipe faiiure belww ground M P benupact dinor hdinor
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